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Probably the most striking results in this area concern IV-VI 
semiconductors such as PbTe and SnTe, where we have originated the 
concept of false valence: In on a Te site in SnTe is a (triple) acceptor and has 
normal valence of -3 with respect to Te. But on a Te site in PbTe, In is a 
(triple) donor with a false valence of +3 with respect to Te because an In deep 
p-like one-electron level capable of trapping six electrons crosses the gap as x 
decreases in Pbi_ x Sn x Te. This theory predicts that In is a donor in PbTe but an 
acceptor in SnTe; it argues that,in IV-VI semiconductors impurities often 
occupy the intuitively "wrong" site or antisite; it shows that the relevant In 
occupies Te sites; it explains low doping efficiencies; and it shows promise f or 
explaining solidus curves. 

This work on InN illustrates how our theory can be useful for the 
fabrication and doping of new electronic materials. The recent development 
of high-mobility InN raises the possibility of making UV sensors and even 
lasers out of this material. We have presented global predictions on the 
behavior of s- and p-bonded deep levels in InN, Ini- x Ga x N, and Ini- X A X N as a 
means of guiding experiments aimed at doping these materials for use in UV 
and glue-green optical devices. 

This contribution to the theory of Schottky barriers by developing the 
theory of defects at surfaces and at interfaces. Soon we shall publish the first 
theory of scanning tunneling microscope images of surface antisite defects in 
GaAs. This theory shows that unless the microscope bias is set correctly, an 
antisite defect can appear to be the same as the atom it replaced! We have 
also investigated the role of piastic flow in the formation of scanning 
tunneling microscope tips by electrochemical etching. 

This work has laid the foundation for treating degenerate Fermi gases 
in alloys, and including multi-electron relaxation effects (i.e., infrared 
divergence phenomena) in evaluation of their optical properties. While this 
approach has a way to go before being easily implemented for realistic models, 
it is far ahead of its main competitor, the renormalization group method. 

The electronic properties of Gei- x Sn x have been worked out, as a 
guideline for experimental groups attempting to grow these interesting 
materials. The physics of order-disorder transformations in metastable alloys 
such as (GaAs)i- x Ge 2 x has been elucidated (in collaboration with K. E. 
Newman) and new materials, such as (InP)i_ x Ge 2 x , have been predicted as 
likely to have interesting infrared properties. The relationships of random 
alloys with partially ordered phases (e.g., zincblende, superlattice, 
chalcopyrite, etc.) have been elucidated, and a basic quasi-equilibrium 





approach to understanding their electronic, vibrational, and thermodynamic 
properties has been developed. 


This effort has produced the first comprehensive theory of deep levels 
in [001] and [111] IQ-V superlattices. This theory elucidated the various factors 
affecting deep levels, sets forth the conditions for obtaining shallow-deep 
transitions, and predicts that Si (a common donor making GaAs n-type) 
becomes a deep trap in GaAs/ A x Gai- x As superlattices with thin quantum 
wells. These results have bearing on HEMT structures. 

We have developed the pseudo-function method of local-density 
theory, including the spin-unrestricted version. We have treated the 
hypothetical material MnTe with spin-unrestricted pseudo-function theory 
and found an antiferromagnetic ground state and conduction bands that are 
highly spin polarized. We have obtained the results of earlier theories by 
restricting the amount of spin-polarization; hence we have ascribed the 
differences between our results and earlier theories to inadequate basis sets of 
the earlier theories. We are currently exploring applications of our methods 
to other problems in magnetism, and have some optimism that our spin- 
dependent pseudo-function approach may overcome the traditional problems 
of the local-density theory of magnetic systems. 

The pseudo-function method is computationally fast by local-density 
standards, and we have used it to determine equilibrium surface relaxations 
of semiconductors by minimizing the total energies jf the surfaces. We have 
also looked at many possible oxygen adsorption sites on GaAs (11D) to find the 
ones with the lowest energy, in order to understand the oxidatioi process. 

The pseudo-function method gives the same answers to the classic problems, 
such as the bulk modulus of Si, as the other . c uc'i_ssful implemerv.ations of 
local density theory. 
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THEORY OF SEMICONDUCTING SUPERLATTICES AND M2CROSTRUCTURES 

John D. Dou 
Department of Physics 
University of Notre Dame 
Notre Dame, Indiana 46556 

A. Impurity levels in bulk materials 

One of the long-term interests of our group has been to understand 
the deep level structures of impurities in semiconductors. We have 
continued working in this area because the problems are interesting and 
challenging, while often being well-suited to training graduate students. 

1. IV-VI semiconductors 

Probably the most striking results in this area concern IV-VI 
semiconductors such as PbTe and SnTe, where we have originated the 
concept of false valence: In on a Te site in SnTe is a (triple) acceptor 
and ha normal valence of -3 with respect to Te. But on a Te site in 
PbTe, In is a (triple) donor with a false valence of +3 with respect to 
Te bees ise an In deep p-like one-electron level capable of trapping six 
electrons crosses the gap as x decreases in Pb-^^Sr^Te. This theory 
predicts that In is a donor in PbTe but an acceptor in SnTe; it argues 
that in IV-VI semiconductors impurities often occupy the intuitively 
"wrong" site or antisite; it shows that the relevant In occupies Te 
sites; it explains low doping efficiencies; and it shows promise for 
explaining solidus curves. 

2. InN-related materials 

Our work on InN illustrates how our theory can be useful for the 
fabrication and doping of new electronic materials. The recent 
development of high-mobility InN raises the possibility of making UV 
sensors and even lasers out of this material. We have presented global 
predictions on the behavior of s- and p-bonded deep levels in InN, 
I n l_xGa x N, and Inj_ x Ai x N as a means of guiding experiments aimed at 
doping these materials for use in UV and blue-green optical devices. 

3. Charge - state splittings and meso - bonding molecular defects 

It has been our position for years that large self-consistent 
pseudopotential calculations of deep levels are rarely necessary for 
substitutional s- and p-bonded impurities in Si and III-V semiconductors. 
This position, although opposed by significant segments of the 
theoretical physics community, has been vindicated by our self-consistent 
calculations for S in Si. 

A controversy about the character of the S 2 substitutional molecular 
defect in Si has been resolved in favor of a meso-bonding picture, based 
on our self-consistent calculations of the charge-state splittings and 
hyperfine tensor in this system. 

4. Effects of hydrostatic pressure and uniaxial stress on deep levels 
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We have shown that if both the energy of a deep level and its 
(hydrostatic or uniaxial) pressure dependence are known, one can almost 
uniquely determine the substitutional defect responsible. The 
determination is often not unique, but reduces the candidate s- and p- 
bonded impurities to only a few. 

B. Surface defects 

We have contributed to the theory of Schottky barriers by developing 
the theory of defects at s- .faces and at interfaces. Soon we shall 
publish the first theory of scanning tunneling microscope images of 
surface antisite defects in GaAs. This theory shows that unless the 
microscope bias is set correctly, an antisite defect can appear to be the 
same as the atom it replaced! We have also investigated the role of 
plastic flow in the formation of scanning tunneling microscope tips by 
electrochemical etching. 

C. Pseudo - function local - density theory 

We have developed the pseudo-function method of local-density 
theory, including the spin-unrestricted version. We have treated the 
hypothetical material MnTe with spin-unrestricted pseudofunction theory 
and found an antiferromagnetic ground state and conduction bands that are 
highly spin polarized. We have obtained the results of earlier theories 
by restricting the amount of spin-polarization; hence we have ascribed 
the differences between our results and earlier theories to inadequate 
basis sets of the earlier theories. We are currently exploring 
applications of our methods to other problems in magnetism, and have some 
optimism that our spin-dependent pseudo-function approach may overcome 
the traditional problems of the local-density theory of magnetic systems. 

The pseudo-function method is computationally fast by local-density 
standards, and we have used it to determine equilibrium surface 
relaxations of semiconductors by minimizing the total energies of the 
surfaces. We have also looked at many possible oxygen adsorption sites on 
GaAs (110) to find the ones with the lowest energy, in order to 
understand the oxidation process. The pseudo-function method gives the 
same answers to the classic problems, such as the bulk modulus of Si, as 
the other successful implementations of local density theory. 

D. Phonons in alloys 

We have developed the theory of phonons in alloys and shown how to 
treat correlated alloys by combining Ising Monte Carlo and Recursion 
methods. 


E. Heavily doped semiconductor alloys 

We have laid the foundation for treating degenerate Fermi gases in 
alloys, and including multi-electron relaxation effects (i.e., infrared 
divergence phenomena) in evaluation of their optical properties. While 
our approach has a way to go before being easily implemented for 
realistic models, it is far ahead of its main competitor, the 
renormalization group method. 
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F. Metastable alloys 

The electronic properties of Ge^_ x Snj. have been worked out, as a 
guideline for experimental groups attempting to grow these interesting 
materials. The physics of order-disorder transformations in metastable 
alloys such as (GaAs)^_ x Ge 2 x has been elucidated (in collaboration with 
K. E. Newman) and new materials, such as (InP)^_ x Ge 2 x , bave been 
predicted as likely to have interesting infrared properties. The 
relationships of random alloys with partially ordered phases (e.g., 
zincblende, superlattice, chalcopyrite, etc.) have been elucidated, and a 
basic quasi-equilibrium approach to understanding their electronic, 
vibrational, and thermodynamic properties has been developed. 

G. Special points for superlattices 

We have worked out the special points (for k-space sums) for [001] 
and [111] superlattices, and have shown that by taking advantage of 
hidden symmetries for certain superlattice period-ratios the number of 
special points is comparable with the number needed to obtain 
corresponding accuracy for bulk zincblende. 

H. Structure - modulated superlattices 

We have originated (we believe) the concept of a superlattice whose 
adjacent layers are the same material but with different structures, and 
contrasted this type of superlattice with conventional composition- 
modulated superlattices. An example is a zincblende/wurtzite 
superlattice which is lattice-matched, yet has very interesting topology. 
We have calculated the electronic structures and deep levels in some such 
superlattices. 


I. Fanipi doping superlattices 

We have developed the concept of false-valence doping nipi 
superlattices. Such a superlattice could be formed by uniformly doping 
PbTe/SnTe superlattices with In. The In is a donor in PbTe because of a 
false valence. It is an acceptor in SnTe because of normal valence. 

(The relevant In occupies a Te site.) 

J. Deep levels in [ 001 ] and [ 111 ] superlattices 

We have produced the first comprehensive theory of deep levels in 
[001] and [111] III-V superlattices. This theory elucidates the various 
factors affecting deep levels, sets forth the conditions for obtaining 
shallow-deep transitions, and predicts that Si (a common donor making 
GaAs n-type) becomes a deep trap in GaAs/Ai x Ga^_ x As superlattices with 
thin quantum wells. Thus the common n-type dopant becomes a deep trap in 
ultra-small devices! These results have bearing on HEMT structures. 

K. Effects of band offsets and applied pressure on deep levels in superlattices 

Since band offsets are generally poorly known, except for 
GaAs/A^ x Ga^_ x As superlattices, we have explored the dependences of deep 
level energies on the offsets -- and found them to be small. We have also 
studied the pressure dependences of the electronic structures of and deep 



page 5 


levels in superlattices. 

L. Strain - induced Type II - Type I transitions in ZnSe/ZnTe 

We have shown that by suitably choosing the periods of ZnSe and ZnTe 
in a ZnSe/ZnTe superlattice to obtain appropriate strain fields, it is 
possible to drive the structure from Type II to Type I. This raises the 
possibility of fabricating blue-green lasers from such superlattices -- 
if the doping problem can be solved. 

M. Si - based luminescence 

We have shown that with novel combinations of superlattice growth 
direction (such as [111]), band-folding, superlattice periods, and 
uniaxial stress, it is always possible to drive a Si/Ge superlattice 
direct and make it capable of emitting luminescence. We have also 
calculated dielectric functions of such microstructures to predict the 
luminescent intensities. 
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-;Z?ZS2ZZCZ Of THE C.V.S £1!0> SURFACE ELECTRONIC STATE 
DISP3SIOS CURVES OS THE SURFACE REvAXATIOS ANCLE 
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Department of physics, university of So:re Dace 
So:re Dace, Indiana "46556 
and 

Roland E. Allen 

Department of Physics, Texas ASM University 
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(Received ic July 1984) 


The surface scare dispersion curves E(Jc) of che dangling bond sraces 
near che fundamental hand gap, Cj and Aj, are coopured for boch che 
escablished 3=27° nodel and che recendy proposed 5=7° nodel of che 
(110) surface relaxacion of GaAs, where S is che surface bond rocaclon 
angle. Tne two models produce surface scace dispersion curves Char are 
similar co one anocher and co the a. .a. 


Uncil recencly it was thought that the 
geometrical structure of che (11C) surface if 
GaAs uas one of the feu semiconductor surface 
structures chat uas escablished. Tne lccepced 
model uas che 27° rotation nodel (1,21: To a 
good approximation, the anions rotate rigidly 
out of the surface through an angle of 3=27°. 
This model uas escablished as a result of 
careful analyses of lou-energy electron 
diffraction (LEED) daca, and, in addition, 
provided a uay out of a theoretical dile-.ma: 
calculations of GaAs surface states for 
unrelaxed surfaces, 5»0°, produced surface 
states in che fundamental band gap (contrary to 
data) that recedeo into the valence and 
conduction bar. !s wfen the 5=27 r ' relaxation uas 
accounted for (3}. 

Recently, houever, Gibson and co-uorkers [4] 
have suggested that 3=7° nay be a more 
appropriate relaxation angle, based on analyses 
of Rutherford back-scattering (RBS) cata. Duke 
and co-uorkers have also presented analyses of 
LEED daca that indicate that a 7° rotation, 
while not preferred, is acceptable (51. Gibson 
ct al. have stated, however, that their data 
right be consistent with the 3=27° model, 
provided one allows for anomalously large 
surface phonon amplitudes. 

With LF.F.D and RBS analyses producing ambiguous 
interpretations of the data, we thought it might 
be useful to determine if tre measured surface 
state dispersion curves S(K) (6), when compared 
with theoretical predictions, nreferred eittier 
the 3»7° model or the 9=27° model. Previous 
calculations of E(!c), assuming the 0=27° nodel, 
were in sufficiently good agreement with the 
data to afford explanations of the principal 

!9S2 PACS Number: 6R,20.+t; 73.20.-r 


experimental fratures [7I (Fig.l). However, we 
now find qualitatively similar dispersion 
relations E(ic) for che relevant surface states, 
for 5«0°, S»7°, 14° and 27° (Fig. I). Since the 
theory is cnly accurate co several tenths of an 
eV (Si i.ear the valence band maximum, the 
theoretical surface state dispersion curves do 
not provide a means for discriminating with 
confidence among the relaxation models. The 
theory does predict that sjrface states do fall 
in che fundamental band gap for che 7° model [1] 
(Fig. 2 [91 and Ref. [ 101): 0.1 eV below the 
conduction band edge and 0.1 eV above che 
valence band maximum — but these energies are 
too small in comparison with the several tenths 
of an eV theoretical uncertainty to be 
convincing proof of the 27° model over the 7° 
model. 

Hence we conclude that the agreement between 
photoeraission daca and the theory does not 
provide strong evidence for or against either 
the 5”7° nodel or the 6»27° model. The 
established 9-27° model should be retaine- until 
more conclusive experimental evidence agal-sc it 
is presented. 

Finally, <i$ we have been completing this 
manuscript, we have received a preprint from 
Mailhiot, Duke and Chang [111, who have 
independently been studying this problem using 
the sumo Hamiltonian and comparably accurate 
theoretical techniques. Tney have und similar 
results; however they interpret che.r results as 
providing stronger support for che 3=27° model. 

icknow le.lgments — We are grateful to the U. 5 . 
Army Research Office and tne Office of Naval 
Research for their support (Contract Nos. 
DAAC-29-83-F-0122 and N000I-.-82- •>0447). 
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Fig. 1. Calculated aurfaca atata diaparalon 
curvaa in the gap (aolld llnaa) and raaonant 
with cha bulk banda (dotted llnaa), aaauming a 
aurfaca bond rotation angle of 8-0°, 7°, 14°, 
and 27° for the dangling bond (110) aurfaca 
atatea Cj and Aj of GaAa. Heavy aolld lines 
repraaenc the bulk band edgea; the daahed line 
denotea Che data of A. Huljser, J. van Lear and 
T. 1. van Rooy, Phys. Lett. 65A , 337 (1978) and 


C. P. Williams, R. J. Smith and C. J. Upeyre, 
J. Vac. Sci. Technol. 15, 1249 (1978). The C 3 
state Is not shown for"T“14°, because this state 
lies too close to the 0"7° and 27° states. The 
27® results are the same na those of Ref. [7). 
The absolute uncertainty In the theoretical 
predictions Is shown by the error bar at ft 
centered on the data. 



I-1_1_I 

0° 9° 18° 27° 

9 


Fig. 2. Calculated energies of the dar.gllng bond 
(110) surface states of GaAs (solid lines for 
bound states, dotted lines for resonances) ut T 
[9], as functions of the surface bond rotation 


angle. The results for the C-j state are fro<n 
Ref. (10), and K_ are the valence and 

conduction band edges, denoted by heavy solid 
lines. 
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and 
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(Received 29 July 19So) 


The orthogon; 
and PbS are 


:ed plane wave band structures of GeTe. SnTe, PhTc. PbSe, 
: with a nearest-neighbor, 18-orbital sp J d , relativistic 


tight-binding model chat exhibits clumical trends. The band gaps of 
Ph^.^Sn^Te, Sn^,.Ge,.Te, and Gei fc „?b..Te alloys ^re or Pieced as functions 
of compositions X, y, and t. Bowing of Che gap is expected to be 


substantial for Ge^.-Pb.Te, and either Sn 1 .„Ge Te or Gej_. z ?b.Tt should 
exhibit a Dimmock reversal. ' 


1. Introduction 

The rocksalt-structure IV-VI semiconcuctor 
compounds, such as PbTe, SnTe, GeTe, PbSe, and 
PbS all have small band gaps, high dielectric 
constants, interesting defect levels, and a 
variety of very unusual thermodynamic, 
vibrational, electronic, and infrared properties 
’!]. Exploitation of these properties for the 
fabrication of technologically important 
cpto-eiectrcnic devices has Been partially 
imoecad oy an incomplete understanding of the 
intrinsic ar.d extrinsic electronic states of 
rnase materials. The IV-VI’s nave attracted 
relatively little theoretical actuation, 
-.ovaver, because their electronic band 
structures are complicated, having large 
relativistic splittings. At first glance, it 
would appear that the electronic states of bulk 
cefects or surfaces of these materials can be 
unoarstood only if one executes a vary tedious, 
relativistic theory. 

In this paper, we show that the apparently 
complicated energy bands of the IV-VI cc-pounds 
can be parameterized by a simple nearesc- 

'a) Permanent address;. Department of Electrical 
and Computer Engineering, University of 
Notre Dame, Notre Dame, Indiana 46586 
-) Permanent adcress: Department of Computer 
Science, Uescern Illinois University, 
Macoma, Illinois 61455. 

c) Present accress: Theodore Associates, Inc., 
10510 Streaaview Court, Potomac, Narvlar.d 
2085- 

PACS Sumaer: 71 25.Tn 


neighbor tight-binding model Hamiltonian. The 
parameters of this model exhibit chemical trends 
and can be used to predict the electronic 
structures of alloys such as ?b^. J .Sn ; ,Te. 
Moreover, theories of defect energy levels and 
surface states in IV-VI’s can be cor:., true ted 
using tms simple Hamiltonian,, as we shall 
demonstrate in suasequent work. 

2. Tight-binding theory 

The relativistic Hamiltonian that produces che 
energy band structures has che form (2) 

H - <p*/2m> + V * H J0 

+ K 2 V 2 V/8m : c 2 - pV8m 3 c 2 

( 1 ) 

where V is che crystal potential, the spin orbit 
interaction is 

H so - (Wxp)/im 2 c 2 , 

and the remaining terms are che Darwin terms and 
the relativistic mass correction terra [3|. 

Employing the ioeas of Slater and Roster [4], 
Harrison !5), Chad! (6), and Vogl ec al [7], we 
construct cne nearest-neighbor cignc-bmding 
Hamiltonian:- 

f '0 “ 2 R,o,i [ |*.l.d,R>S lia < a,i.o,R| 

+ jc, i,a,R+d>£,. c <c, i .a ,R+d| J 
* S R,R’,a,i.j [ la.i.o ,?.NV i j<c, j ,o,R’ed| 

+ h c-1 - H so , 

(-) 


0749-6036/86;050491,09S02 00 0 


% 1986 Academic Press Inc. (London; Limited 




492 


Superlattices and Microsnuctures. Vol.Z.No.5. 1986 


TABLE I. Neatesc-neighbor tight-binding parameters of GeTe, 
SnTe, PbTe. PbSe, and PbS, as fit to the band structure of Herman 
et al. [9], in <V. The column labelled GeTe* refers to 
Dimmock-reversed Cr .Te with the valence (conduction) bpnd extremum 
at Lg' .Lg*). d|r , V d s , and V £ d are taken to be zero. 



GeTe 

GeTe* 

SnTe 

PbTe 

PbSe 

PbS 

E s.c 

-7.847 

-7.992 

-6.578 

-7.612 

-7.010 

-6.546 

E s,a 

-10.974 

-10.855 

-12.067 

-11.002 

-13.742 

.-13.827 

E P.c 

1.454 

1.657 

1.659 

3.195 

4.201 

3.486 

E P.a 

0.444 

0.250 

-0.167 

-0.237 

-1.478 

-1.153 

E d,c 

9.08 

9.08 

8.38 

7.73 

8.72 

9.27 

E d.a 

25.85 

26.75 

7.73 ( 

7.73 

11.95 

10.38 

*c 

0.505 

0.577 

0.592 

1.500 

1.693 

1.559 

A a 

0.447 

0.351 

0.564 

0.428 

0.121 

-0.211 

V s,s 

-0.617 

-0.631 

-0.510 

-0.474 

-0.402 

-0.364 

Vp 

0.877 

0.788 

0.949 

0.705 

0.929 

0.936 

Vs 

0.790 

O.S76 

-0.198 

0.633 

0.159 

0.186 

V P.P 

2 189 

2.181 

2.218 

2.066 

1.920 

2.073 


-0.478 

-0.498 

-0.446 

-0.430 

-0.356 

•0.281 

k.d 

•1.14 

•1.65 

-1.11 

•1.29 

•1.590 

-1.142 

V p, o* 

1.56 

1.78 

0.624 

0.835 

1.45 

1.16 

Vp 

-1.55 

• 1.50 

•1.67 

-1.59 

-1.09 

-1.54 

Vp* 

0.976 

0.742 

0.766 

0.531 

0.0497 

0.517 

Vd 

•3.79 

•3.87 

-1.72 

-1.35 

-1.90 

•1.67 

V d.d6 

0.887 

0.892 

0.618 

0.668 

0.692 

0.659 

Table II. Experimental values of the fundamental gap fo: 
SnTe, PbTe, PbSe, and PbS used in fitting the tight' 
parameters of Table I (in eV), 

: GeTe, 
•binding 


GeTe 

SnTe 

PbTe 

PbSe 

PbS 


E gap 

0.2 a 

0.3 b 

0.186 c 

0.165 d 

0.286° 



Ja) L. Esaki, J. Phys. Soc. Japan, 1966, 21, 589 (Kyoto Conference 
Supplement], measurements at 4.2°K. 

(bJ Ref. [10], measurements at 4.2°K. 
jc) Ref, (10j , measurements at 12°K. 

|d] D. L. Mitchell, E. D. Palik, and J. N. Zemel, Proc. Seventh 
Inc. Conf. Phys. Semicond., 1964, p. 325 (1964), measurements at 
4.2°K. 
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PbTe 



wqlatax s r 
Reduced Wave Vector 


Fig. 1. The energy band structure in eV of that the zero of energy is the valence band 
PbTe, published by Herman et al. (9) (dashed) in maximum and that Che fundamental band gap is at 
comparison with the present work (solid). Note L. 


where h.c. means Hermitian conjugate, R are the 
rock-salt lattice positions of the anion, l and 
j are the basis orbitals for the cation and 
anion respectively, a is the spin (up or down), 
a and c refer to Che anion and cation 
respectively, and d is the position of the 
cation relative to the anion in the R-ch cell; d 
- (a L /2)(1,0,0). The spin-orbit Hamiltonian is 

H so " S R,o,( 7 '.i ! |c,i,o.R>\ c L c .e c <c.i,o' ,R|) 

+ S R,o,o',j l|4.j,<7,R>' L <a,J,<7',R|]. 

(3) 

We use nine orbitals per atom in our basis, 
each with up and down spin; s, p x , p p„, 
d;.2-„2, dj z 2. r 2, d , d v », d_ x . Because of efie 
importance of r-ie d^bands near the bottom of me 
conduction band at the X point we found it 
necessary to include all five d bands In the 
model. This approach is to be preferred over 
that of Robertson [8], which included only two 
of Che five d orbitals. We did neglect (l) the 
somewhat smaller couplings V s ,do between the s 
states and the d states and (ii) Vj dl( . the 
it-cype bonding between d states. 

The resulting 36x36 Hamiltonian matrix is 
given in Appendix A. 


3. Determination of the empirical 
Hamiltonian matrix elemencs 

The parameters of this model are listed in 
Table I. They were obtained by fitting the 
eigenvalues of the matrix to the energy bands 
published by Herman ec al. [9] (See Fig. 1). 
Analytic expressions for the eigenvalues at high 
symmetry points were used to make an initial 
guess for the parameters. Then a least-squares 
fit of the parameters to the calculated energy 
bands was performed. Th i symmetry of the states 
on either side of th, fundamental gap was also 
included in the fitting procedure. This is 
necessary to assure the Dimmock reversal (10J in 
the ordering of bands chat occurs in Pb^. x Sn x Te 
between PbTe (with a conduction band minimum at 
Lj" and valence band maximum at b- + ) and SnTe 
(with the opposite ordering). The energy bands 
were fit to the values obtained by Herman et al. 
for wavevectors at the T, X, and L points of the 
arillouin tone; but Herman's conduction band 
enei(,ies ac L were all shifted by the same small 
amount m order to guarantee coat t 
fundamental band gap agreed with experiment. The 
resulting band structures are displayed in Figs. 
1-5. The fit of the band structure of CeTe 
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Scaling Relation for 5 • Leeds 



Atomic s Energy Difference (cV) 

Fig. 6. The s-orbital energy differences in 
the solid, (Table I) versus the s-orbital energy 
differences in the atom [7j. 


assumes a PbTe-like ordering of the conduction 
and valence bands: Lg- above Lg*. The 
possibility exists, however, that CeTe's band 
structure is Dimmock-reversed, as SnTe's is, 
with Lg + being the conduction band minimum. We 
denote Dimmock-reversed CeTe by GeTe*, and 
obtain for it the slightly different matrix 
elements Hated in Table I. 

For the parameters of the model, the 
differences in the diagonal matrix elements 
E s,c -E s,a and E p.</ E p.i' are approximately 
proportional to the corresponding differences of 
atomic energies. The Vogl constant of 
proportionality 0 (7J is about 0.65 for the 
s-scate and 0,9 for the p-state. (See Figs. 6 
and 7.) These proportionalities or scaling rules 
for the matrix elements of the empirical 
Hamiltonian allow the theory to make sensible 
predictions of chemical trends for intrinsic and 
extrinsic electronic states of different IV-VI 
semiconductors. 

4. Applicacior to Alloys 

In mis section we apply the theory to 
Pbj.$r. .7*. $n,. v Ce„Te. and Ce,_ 5 ?b.Te alloys 
and compute thc'alloy band gaps as runctions of 
the composir.'or.s x. y, and t, using cne virtual 
crystal approximation. These materials are 
substitutional alloys miscible for all 
compositions. 

Pbi-j.Shj.Te is an interesting alloy because the 
band gap of SnTe is “inverted" m comparison 


Scaling Relation for p • Levels 



Atomic p Energy Difference IcVt 

Fig. 7. The p-orbital energy differences in 
the solid, (Table 1) versus the p-orbital energy 
differences in the atom (7). 


with the gap of PbTe: the fundamental band gap 
occurs with the conduction band minimum being 
the Lg* point of the band structure, rather than 
at the the L^* point. This phenomenon was 
elucidated by Dimmock et al. (10) several years 
ago, who pointad out that a level-crossir.g 
phenomenon occurs with increasing x as the 
bar.d-gap of Pb, .ySruTe decreases and attempts to 
become negative, we calculate chat the gap 
vanishes at x*0.35, in good agreement with the 
experimental value. 

As a function of alloy composition. this 
Dimmock reversal in Pbt_j.Snj.Te must undo itself 
in either Snj_ y Ce.,Te or*Gej..Pb»Te. Ve predict 
chat the second* Dimmock reversal nust occur 
either near y « 0.6 in Snj_ v Ce v 7e or nttr 
z « 0.3 in Ge^,.?b.Te. In the former case, CeTe 
must have the same ordering of lg bands as PbTe, 
whereas in the latter case, CeTe has the 
SnTe-like GeTe* electronic structure. (See Fig. 
8.) The calculations also indicate chat one 
snauld expect considerable bowing in the 
fundamental band gap versus alloy composition 
for Cej_jPbjTe. in contrast to the linear 
x-depe.noence of the tap for ?b, _j.Snj.Te. 7:.ts 
striking prediction of tne calculations is m 
qualitative agreement with the measurement* of 
Kikolic (11,12). 

We compute the fundamental band gaps of alloys 
such as Pbj_j.Snj.Te by diagonal iting th- 
virtual-crystal (13) empirical tighr-omdii.. 
Hamiltonian. Tne covalent radii o: ?*• and S. 
differ by so little (• at) and all of tne 
Hamiltonian matrix elements of PbTe and SnTe ere 
sufficiently similar that a virtual crystal 
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Fundamental Gap vs. Alloy Composition 



0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75 

X y 2 


Alloy Composition 



x y 

Alloy Composition 


Fig. 8. The calculated band gaps and and 

band edges of Pb^S^Te, Sn 1-v Ge Te, and 
c *i..?b,Ta versus alloy compositions X. y, and 


z. The zero of energy Is she L 6 ” band extremes 
The hatched area is she jap. (a) For ordinary 
tieTe; (b) fa. - Oirctock-reversed C«Te“ (see sons). 


approximation so the matrix elements of 

Pbj^.Sn^Te is appropriate for states near the 
fundamental band gap 115;: .’he diagonal 

Hamiltonian matrix elements of ?bj -x Sn,,.Te are 
(1-x) cimes the PbTe elements plus x sines she 
SnTe matrix elements (14). The off-diagonal 
matrix elements, multiplied bv the square of the 
lattice conssanc (5), are similarly averaged, 
using Vegard's Lav for the lattice constant. The 
band ecges of Fig. 3 were eigenvalues obtained 

by diagonalizing this Hamiltonian for a 

vavevector at she L-point of the Srilloum zone. 

5. Conclusion 

'-'e conclude shat the present tight-binding 
parameterization of che IV-v: energy bands is 


adequate for reproducing chemical crends, 
including she Oimzack banc reversal phenomenon 
in Pbi.j.St^Te. Therefore, it should provide a 
sacissacsory starting point for general theories 
of localized electronic states these 
very small band-gap materials, such as 'deep 
traps* (15- or surface states. Subsequent word 
will use this Hamiltonian to study a uir.w 
variety of proslems involving localized 
electronic states m 1V-V1 semiconductors. 
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APPENDIX A: The 36x36 Hamilconian matrix 


0 - 2 siV s 

0 - 2 62 V P ,s 

0 - 2 63 V p.s 


pa,s 


can be written as: 
»3 
»6 

here we have 


pa,s 


The basis 
|s,c,t>, | 

sec for 
s,c,l>, 

the 

Is.a 

36x36 Hamiltonian is: 
,t>, |s,a,»>, |p x .e.t>, 


' ' 2 ®l V s,p 

0 

|p v .e,t>, 

IPj.c.‘>. 

iPj.e. 

|p x .a, 

t>, 

t>. 

lp x .c.4>. 

IP Y .«.’>. 

IPy.=.‘>. 
IPj.a,t>. 

»3 - 

• 2 82 v s,p 

0 

|p x .a,i>. 

IP V .“. 

;>, 

ip:.«.*>. 

|dyc, t>. 


- * 2 ®3 V s,p 

0 

|d 2 ,c,t>. 

1dj.c, 

t>, 

|d 4 .c.1>, 

|dj,c,t>. 




|d 1 ,c,»>, 

|d 2 .e, 

i>, 

|d 3 .c.»>. 

|d 4 .c.*>. 

and 



|u s ,c,4>, 

|c- .a. 

t>, 

|d 2 .a.r , 

|d 3 ,a,t>, 


_ 


|d 4 .a.»>. 
jd 3 ,a,»>, | 

|dl.a, 

d 4 ,a,t>, 

T>, 

and 

|d 1 ,a,4>, 

|d 5 .a.»>. 

|d 2 .a.l>. 


0 

2 81 V s.P | 

where we have d, - 

d 7 
a x -y 

*• d 2 - d 3r’-r 

• d 3" d xy• 

h 4 - 

0 

2 82 V s,P I 

d 4 -dy., and 

°5" d ax‘ 




_ 0 

2 83 V s,p J 


The Hamiltonian can be written in block fort 
as follows (only the lower triangular part of 
the Hamiltonian is given since ic is Herraitian): 

H, . 


H_c is a 6x6 Hermitian matrix with all the 
diagonal elements equal to E p c . Its other 
matrix elements in the lower triangular 


H pc,s 

H pc,pc 




H pa.s 

H pa,pc 

V. 

,pa 


0 

0 

H dc, 

,P» 

H dc,dc 

0 

H da,pc 

0 


K da,dc 

H s.s is 

a Hermi 

tian 

6x6 

matrix 


non-aero 
region are: 

<P v .c.t| H |p x ,c.t> - 1 A c /2, 
dpl.e.i| H |p x ,c,t> - A c /2, 

<p~.e,i| H |p ,c.t> - i A c /2. 
<p x .c,»| H |p;,c,t> - -A c /2, 

<p .c,i| H |p;.e,»> - -U c /2, 
and^ 

<p...c,»| H |p x ,c.4> - -ii_/2. 


s-srates to s-$tates: 


H, 


s.c 

0 E s.c 

So v ss 3 E s 

0 S0 V s.s 0 

can be written as: 


H- a _ a is a 6x6 Hermitian matrix of the same 
form as H pc , but with the diagonal elements 
equal to E_ a 'and the ocher non-aero elements as 
above with^A,. replaced with A a - 
H is a diagonal 6x6 matrix with, 


<P, s .a.»| H |p x .e,t> - \’ x x 
<Py a -’l H IPy.'.^ “ V y’ 


r ‘l 

»2- 


vnere ue have 


* ~ S i p . s 
• 2 82 V P.s 

L * 2 S3^p,s 


<pj,a,t| H |p.,c,T> - Vj „ 

<p v .s.l| H |p",c,i> - V*‘“ 

<Py.a.t| H |p.,.c.J> - V v - 

<p;,a,i| H Ipl.c,)? - V. . 


V x.x” 2 Si V p,p + 2 (g 5 »gj) V p,pir 
' v,y“ ‘■Sj^p.p + 2(g 4 + gg) ^p,pn 

'a.a" 2 £6 v p,p * 2 ^Si’’S5) V p,pn 
H da pc can be written an block form as- 
Hj 0 

^da.pc 

' 0 K: 


0 


0 
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where is the 5x3 matrix. 


•- /3 Sl V p.d 

•^ 3 S2 v p.d 

0 

s l V p. d 

S2 3 p, d 

' 2 S3'p,d 

- 2 S2 V p,dm 

' ^l^'p, dm 

0 

0 

■ 2 S3^p,ds 

" 2 S2”p,dm 

’^Sl^p.dir 

0 

- 2 Sl V p,dm_ 


H dc oa * s che same ^ orrn - wic ^ v p d and 
V p,d*’“ eplaced b y V d,p and V d,ps 

H da dc is a matrix with only four 

non-zero off-diagonal elements. The diagonal 
elements are:- 

<d]_.a.r| H |d^,c,t> - <d^,a,i| H |d|,c,l> 

- 3/2 (g 4 *-g 5 )V d d + (2g 6 +s 4 /2+g 5 /2)V d _ di 
<d->,a,t| H |dj.c,T> - <d 2 ,a,l| H |d 2 .c . 1 > 

- 3/2 <g 4+ g 5 ) V ddi+ (2s 6+Si /2 + gj/2)V d>d 
<dj,a,l| H |d 3 ,c,t> - <di,a,i| H |di.c,J> 

- 2 (Si+Sg) v d,d* + 2 g 6 V d is 
<d 4 ,a,t| H |d 4 ,e,r> - <d i ,a,J| H |d i ,c t i> 

2 .(gj+gj) ^ d dff + 2 v d,d S 

<dj,a,r| H |dj,c,t> - <dj,a.i| H |dj,e,i> 

- 2 (s 4 +g 6 ) V d d)r + 2 gj V o ds . 

The non-zero off-diagonal elements are all 
equal: 

<d^,a,t| H |d,.c.t> - <d 0 , a, ? | H |Ci,c,t> 

- <d 1 .a,i| H |d 2 .e,*> « <d,,a,i| H |dj^,c, i> 

- (JV/2 (g 3 -g 4 > (V dd - V d dJ ) 

•-•here we have 

Sq(£) ■ 2[cos(k N a L /2)*cos(k v a L /2'+cos(}: 2 a,y2) 1. 
i^Cx) - i sm(k .3 j_/2>, 

S,(k), - i sinO: y a L /2). 
g 3 (k) - i sin(k.a,y2), 
gjk) - cos(k >; a L /2). 


g 5 (k) - cos(k y a-/2), 
and 

g 4 (k) - cos(k_a,/2). 

The parameters V s s , V s and Vp d correspond 
to -he integrals (sso) 3 , ’ (spo) 3 , ( pdo) 3 in Ref. 
(41 . 

H d c and H d are boch 10x10 diagonal matrices 
whose elements are E d and E d a respectively 
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The doping characters of vacancies, the existence of impurity 
resonances. Fermi-level saturation and de-saturation, the sensitivity of 
the resonances to host cheaistry, the behavior of In as both a donor and 
an acceptor in Pbi ^x^Te. and ’he occurrence of ocher apparently 
anomalous valences of impurities in IV-VI semiconductors are shown to be 
simple and direct consequences of a covalenr ‘.efect theory, with several 
of the important defects necessarily assigned to "incorrect" or "anti" 
sites. 


In this paper we present a simple chemical 
theory of s- and p-'oonded substitutional point 
defects in PbTe and ?b^_..Sn x Te which: (i) 

Corroborates experimental evidence flj and the 
predictions of Pratt and Parada [2] (confirmed 
by Kemstreet |3)) that cation vacancies are 
double acceptors while anion vacancies are 

double donors; (ii) Naturally produces resonant 
defect levels near the fundamental band gap 
("nearby resonances”) that can limit, pin, or 
saturate the bulk Fermi energy so that increased 
doping beyond a critical value does not normally 
increase the Fermi energy (Experimentally this 
Fermi-level saturation has been inferred from 
"saturation anomalies" in the Hall coefficient, 
the Shubnikov de Haas effect, and many other 
effects (1.41.); (iii) Also predicts resonant 
levels further away from the gap. termed 
"distant resonances" (e.g., associated with 
Colemn-I or -VII impurities [1.4]) that can 
de-saturate the Fermi level and overcome the 
saturation anomalies (as observed in In/I- and 
Tl/.’.'a-doped PbTe 11.4.5)): (iv) Explains why 
defects in different hosts have quite different 
Fermi-level saturation energies [1,4J; iv) 
Explains why some impurities, such as In (or 
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other Column-Ill impurities), can be donors in 
PbTe but acceptors in Sr.Te (i.ij; (vi) Suggests 
that antisite defects and impurities on the 
"incorrect" site are common; and (vii) Shows why 
PbTe. with its large dielectric constant (that 
should almost fully screen Coulomb effects) 
nevertheless appears to support different ionic 
valence states of ?b: divalent Pb i+ and 
tetravalent ?b'* + . 

The central idea of the theory is that s- and 
p-bonded defects each produce one s-like and 
three p-like "deep" levels with energies in the 
vicinity of the fundamental band gap. These 
levels are absent in the conventional 
effective-mass picture of impurity levels. 
Consider a Cd impurity on a Pb site in PbTe. One 
can imagine creating this impurity in three 
steps: (i) add two holes to PbTe, to account for 
the difference in the number of valence 
electrons between Cd and Pb: (ii) add two 
negative nuclear charges to the Pb nucleus on 
the impurity site, again to account for the 
valence difference, and (iii) adjust the 
potential in the impurity central-cell, so that 
the Cd potential, not the Pb potential, is 
present at the impurity site. (That is, turn on 
the "defect potential" which represents the 
difference between the potentials cf f.-l and Pb.) 
The first two steps are implc •.• .>d in an 
ordinary effective-mass theory <•• shallow 
impurity levels [6j, and do not procuce strong 
impurity resonance levels. The third step, i.e., 
the introduction of the central-cell defect 
potential, has two effects, (a) a slight shift 
of the shallow impurity levels itv shift is 
small because very little of the :iecti\v-mass 
wave-function lies within the central-ce)li, and 


M 




Si 


IJETSiTV LEVELS IV. VbTtf X3 


V;li; *•:. Si. 


(bj che production of s- and {••tike 'deep* 
levels (often resonant} associated with the 
perturbed chemical bonds between the inpurity 
and the host. Host effeccive-aass theories do 
not include the effect (b). In IV-VI 
semiconductors Che static dielectric constants 
are very large (< * 10* in PbTe flj). and so all 
of the Coulomb effects are almost fully screened 
and negligible. Hence the dominant impurity 
effect in IV-Vl*s is tj»e;production of energy 
levels associated with the perturbed bonds. 
Because the fund a mental band gaps of IV-VI 
semiconductors are so small., nose of those 
energy levels lie outside the gap and are 
resonant with either the valence or the 
conduction band — levels we term 'deep.' 
because they are due to the central-cell 
potential (7.8]. 

To understand the physics of these deep 
levels; consider first neutral defects'?! 9] on 
the anion site of PbTe (rig. 1). Begin with the 
simplest defect. Te. that is. no defect at all. 


PbTe Anion Site Impurity Levels 





V, Rb Cd In Sn Sb Te I Xe 

0 I II III IV V VI VII VIII 


Fig. 1. Predicted energy levels and their 
electronic occupancies for neutral anion-site 
Rb-Row substitutional defects in PbTe. V a 
denotes the anion vacancy, which can be thought 
of as originating from Coluian-0 of the Period 
Table. The Columns of the Periodic Table label 
the lower part of the figure. Typically the 
levels are ordered with increasing energy: s, 
Pl/2’ ;j,ld P3/2' -l e c troriS in levels above the 
conduction band minimum decay to the Fermi level 
(which, for otherwise perfect PbTe is the 
conduction band minimum). Holes in the valence 
band bubble up to the Fermi level (valence band 
maximum). Hence Cdy e is a double donor. 
Electrons (holes) are denoted by closet; circles 
(open triangles). Electrons that originate from 
higher levels appear at the top of the diagram 
for I and Xe. The dotted lines between defect 
levels emphasize the chemical trends across the 
Row of the Periodic Table. A level plotted off 
the scale is meant to suggest that such a level 
exists outside the window of the diagram. 


Because Te is s- and, p-bonded we can think of it 
as having various sulciplecs of s and p 'It 'els' 
that are 'broad resonances' -- that is. the 
various hands. One such multiple; of s and p 
levels is the valence band. So we can think of 
the Te 'impurity' as having s and p "dee? 
levels' that lie resonant with the valence band, 
which is generally acknowledged to have 
primarily Te p-character with sene s-character 
(2.10]. (Of course, the six-fold degenerate p 
levels are split by the spin-orbit interaction 
into a four-fold degenerate level and a 
two-fold degenerate level, as shown in the 
figures.) 

Now isagine continuously converting Te 
successively into the ocher Rou-5 eleze-.rs Sb. 
Sn. In. Cd. Rb; and a vacancy. Moving to the 
left in the Periodic Table corresponds roughly 
to all of the following equivalent operations: 
(i) increasing the atomic energy levels of the 
defect: (it) increasing the strength cf the 
defect potential: and ;iii) decreasing the 
electronegativity of the defect. (A vacancy car. 
be thought of as an atom with very large atomic 
energies -- so large that the "atom' is 
completely out of resonance with, ana does r.ot 
couple-to. its neighbors {11].) Therefore as -ne 
moves to the left in the Periodic Table, there 
deep levels move up in energy. The dees 
resonances also become narrower, as the defect 
moves out of resonance with the host. 

Pratt and Parada showed that the Te-vacancy. 
which corresponds to "Coiumn-zevo" of the 
Periodic Table and a strongly repulsive defect 
potential, has its p-leveis above the conduction 
band edge. Thus, somewhere between the Te 
"defect" (Column-VI) and the vacancy (Column-!)), 
the p-levels of the valence band cross the gap 
into the conduction band. Our calculations for 
PbTe, which reproduce the well-accepted 
Pratc-Pacada result for the vacancy (also 
obtained by Hemstreet) indicate chat the 
p-levels cross the gap near Column-Ill (Fig. 1). 
Similarly the s-levels cross into conduction 
band as well (again a feature of the 
Pratt-Parada theory, Hemstreec's work, and the 
present computations for the Te-vacancy): with 
our calculations, the crossing occurs be:ween 
the vacancy (Column-0) and Column-!. Note that 
the basic structure of the theory displayed in 
Fig. 1 is a consequence of continuity and the 
well-accepted Pratt-Parada theory of the 
vacancy. The only features of the results that 
depend on the Row of the Periodic Table or on 
any quantitative theoretical factor are the 
strengths of the defect potential (or. 
equivalently, Che Columns of the Periodic Table) 
at which the s- and p-levels crosr the 
fundamental band gap. 

A similar analysis of the Pb-sitf b-gins with 
the Pb "defect" on the Pb-site which has an 
s-level in the valence band and p-levels in the 
conduction band (Fig. 2): the conductior bar.J is 
largely Pb p-llke and the Pb s state; lies in 
the valence band {2,10). Making the detect more 
electropositive (going from Column-IV to 
Column-0) drives these levels up m energy until 
eventually the s-level cr >es into the 
conduction band (between Co', -n-0 and Coiumn-I) 
to fora che deeo levels of c!u vacancy. Making 
the defect electronegative drives the levels 
down, so that the p-levels ultimately Crop .nco 
the valence band For the i’b-rnw the Periodic 
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Iiidiuni Impuritv Level in'Pb. £ri Te 

■ I-X X- 



V c Cs Hg T! Pb Bi Po A: Rn 

0 I II III IV V VI VII VIII 


Fig. 2. Defect levels of cacion-sice 
substitutional defects In PbTe for the Cs-Row. 
V c denotes a cation vacancy. 



Alloy Composition x 
PbTe SnTe 


Table, our calculations Indicate that the 
p-levels cross the gap to the right of 
Column-VIII. 

The consequences of this simple picture of 
level movement with defect potential strength 
are considerable. Consider first an "antisite" 
In atom on a Te site. It produces a donor in 
PbTe [12], with its "deep" p states forming a 
nearby conduction-band resonance in both the 
theory and the data (13). Furthermore the p 
states are split into a doublet of P 3/2 and P 1/2 
levels by relativistic effects (14); such a 
doublet has been observed for Ga [15], which is 
predicted to have a very similar level structure 
to that of In (fig. 1). The resonant In states 
lead to saturation of the Fermi energy: once the 
concentration of free electrons is so high that 
the Fermi energy coincides with the p-resonance, 
the previously unstable resonance becomes a 
stable electronic state capable of holding six 
electrons per In atom (three more than In itself 
provides) and the Fermi energy cannot move 
higher until these In resonant levels are 
completely filled by electrons from some other 
donor with a still higher resonance level, such 
as CAj. e or iodine on either site (Figs. 1 and 2 
[16]). The energies of the p resonances with 
respect to the valence band edge are sensitive 
to the host and appear to pass through the band 
gap into the valence band as a function of alloy 
composition x in Pbj^Sn^Te (Fig. 3). Once the 
levels are in the valence band and below the 
Fermi energy. In becomes an acceptor, as 
observed (1,4,17). The levels resonant with the 
conduction band of PbTe occur naturally in the 
theory for the In.j e defect, and appear to move 
down through the gap as the Sn content of the 
host is increased -- in excellent agreement with 
the data [1,4] (Fig. 3). Ac the same time, the 
Pbi. x SrixTe gap undergoes a Dimraock reversal 
(18,19)’. Ue cannot explain these data for the In 
resonance with "normal-site" In; with antisite 
In. the explanation is simple and natural. 


Fig. 3. Energies of the theoretical conduction 
band and valence band edges (hatched) and In Tfi 
defect levels in Pbj^Sn^Te versus alloy 
composition x, compared with the data (circles) 
of Refs. [1] and [4]. 


The provocative suggestion chat In (as well as 
Ga and A 2) occupies a Te site when it produces a 
resonance in the PbTe conduction band receives 
support from the fact that Cd's tendency to be a 
donor in PbTe is also incompatible with its 
occupying a Pb site exclusively, as can be 
demonstrated without a calculation: The p deeo 
levels of Cd on the Pb site are unquestionably 
resonant with the conduction band and Cd's deep 
s level can conceivably lie either in the 
valence band, in the gap, or in the conduction 
band. In any case, this level, which contains 
two electrons for the corresponding Pb atom on 
the cation site, can be thought of as having 
chose two electrons removed on account of the 
valence difference betueen Cd and Pb. If the 
level lies in the valence band ( 20 ), the two 
holes bubble up to the valence band edge, making 
Cd a double acceptor. If che s-level lies in the 
gap, Cd Is a deep trap for two electrons. If che 
s-level is above the conduction band edge, Cd is 
electrically inactive: neither a donor nor an 
acceptor. In any case, Cd on a Pb site cannot be 
a donor . This result is independent of any 
calculation. 

In our model, we calculate the Cd s-level to 
lie in the valence band (similar to Hg in Fig. 
2), making Cd a double acceptor on che Pb sice. 
Thus che observation of donor action as a result 
of Cd doping indicates that Cd is not on its 
"normal" site and is compelling evidence that 
either "antisite" Cd (on che Te sire) or 
interstitial Cd (3) commonly occurs. One 
provocative consequence of che theory presented 
here is that "antisite" impurities are 
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relatively common and responsible for several of 
the striking experimental observations: for 
example, the theory cannot explain the 
Fermi-level saturation data for In, Ga, or Ai 
without assuming that those impurities occupy Te 
sices. 

The predict*d electronic occupancies of the 
various levels (assuming otherwise perfect PbTel 
are also shown for neutral defects In Figs. 1 
and 2. They are obtained by adding electrons or 
holes to account for the valence difference 
between the impurity and the host atom it 
replaces. For example, to simulate Cd on a Te 
sice, one adds four holes Co the p-levels. This 
leaves a doubly occupied P\/2 level resonanc 
with the conduction band, which is unstable if 
it lies above the Fermi level; hence the 
electrons in the Cd.j. e P\/2 defect level of 
otherwise perfect PbTe decay to the conduction 
band minimum, making Cd on Che Te sice a double 
donor. Thus we suspect that "ancisice” 
impurities are common in PbTe and other IV-V1 
semiconductors and chat significant 

concentrations of Cd atoms on Te sices will be 
observed in EXAFS and magnetic resonance studies 
of Cd in PbTe. 

Defects on the anion site, such as Cd, Chat 
cause levels derived from Che host Te atom to 
cross the fundamental band gap (20J exhibit 
"abnormal" doping behavior: they do not obey Che 
usual valence rules of effective-mass theory. 
Therefore Cd is a double donor on the Te site, 
whereas effective-mass intuition would have 
predicted it to be a quadruple acceptor. This 
difference in predictions of six is due to the 
fact thac six spin-orbital levels have crossed 
che gap (20] during Che conversion of Te into Cd 
(Fig. 1). In che case of the Te vacancy, which 
has six fewer electrons than Te, both che s and 
p levels of Te cross Che gap, and six of che 
eight electrons in those levels for Te are 
removed to form che vacancy; the evo remaining 
electrons decay to th conduction band edge, 
making che Te vacancy . ibnormal double donor. 

Such abnormal doping behavior commonly occurs 
(theoretically) in IV-VI semiconductors for 
impurities that lie a few Columns distant in the 
Periodic Table from Che host atoms they replace. 
Therefore, if the apparent valence of an 
impurity in a IV-VI semiconductor does noc agree 
with the expectations of effeccive-rass theory, 
one should first examine the possibilities chat 
che doping is abnormal (apparent valence 
differing from che effective-mass values by two, 
four (21), or six) or that che impurity is on 
che "incorrect” or "and" site. 

With a dielectric constant of < » 10 , PbTe 
cannot support defects thac are strongly ionic 
within the unit cell. Charged impurity states 
can exist, but much of che charge will 
necessarily lie in parts of che defect 
wave-function thac are distant from che central 
cell. Therefore impurities are not properly 
viewed as being in ionic states and the oft-used 
terminology chat an impurity replaces either 
divalent or tecravalent Pb is inappropriate 
Invariably su-h terminology is used to explain 
away abnormal doping behavior within an 
effective-mass picture: the deficient valence is 
introduced to account for a state that has 
crossed che gap. 


The theory makes the following predictions for 
Te-site defects: Column-I and -II impurities on 
a Te site are abnormal single and double donors, 
respectively. Column-Ill impurities are mixed, 
with B a normal triple acceptor, and with A2. 
Ca, and In abnormal triple (12) donors. In all 
cases, the relevant P 3/2 level lies near the 
band gap, in the valence band for B and in che 
conduction ■ band for Ai, Ca, In, and T i. 
According to the theory, Column-IV, -V, -VI, 
-VII, and -VIII (except He (22)) impurities are 
all normal on the anion sice, producing double 
acceptor, single acceptor, isoeleccronic center, 
single donor, and double donor behavior. 

On che cation-sice the Pb vacancy is an 
abnormal double acceptor, while alkali 
impurities and Column-II defects are normal 
triple and double acceptors. Columns III, IV, 
and V produce normal single acceptors, 
isoeleccronic centers, and single donors, 
respectively -- except for N, which is predicted 
to be a quintuple acceptor, and possibly C, 
which is predicted to have a deep Pj/2 l° ve l 
slightly above che conduction band edge (but, if 
this level actually were to lie in che gap. it 
would be capable of crapping two electrons) Two 
possibilities are predicted for chalcogens on a 
Pb site in PbTe: S, Se, Te, and Po should be 
normal double donors; but both the P 3/2 an< * p l/2 
levels lie below the valence band maximum for 6. 
making it a quadruple acceptor. F is an abnormal 
triple acceptor with all of its s- and p-levels 
in che valence band, while the theory places the 
p 1/2 level of Cl in che valence band, making Cl 
a single donor, and the pjy 2 level of Br in ■he 
band gap (a single donor and a deep hole trap) 

I and At are normal triple donors. The 
substitutional rare gas defects are generally 
abnormal: double acceptors (Ne, Ar), deep pj /2 
rraps (Kr). or double donors (Xe). Rn is normal: 
a quadruple acceptor. 

The theory in its present form makes no 
predictions concerning the solubility of 
specific impurities at particular sites. 
Nevertheless, as we have shown, the theory’s 
predictions of levels often can be reconciled 
with data only if che impurity occupies a 
specific site. Tbe model is based on a simple 
empirical sp^d 5 tight-binding theory (10) 
applied to IV-VI semiconductors following ideas 
of Vogl (23) and Hjalmatson (7) for 111 - V 
semiconductors. Charge-state splittings (which 
should be negligible) and lattice relaxation 
(which may shift levels as much as tenths of an 
eV) have been omitted in order to displav the 
chemical trends of the defect levels simply and 
generally. The model's predictions arc 
remarkably insensitive to alterations of che 
model, and will he compared with data in 
subsequent work. 
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A classical-well or superlattice structure can enhance luminescence by impeding energy 
transfer to killer centers. 


In this paper we show that, under certain conditions, a superlattice structure 
or a classical-well structure can enhance the low-temperature luminescence of a 
material by impeding exciton transport to non-radiative killer centers [1.2.3). 
(Wolford et al. have shown that alloy fluctuations have a similar effect on 
energy transfer in the C-aP: N system [3].) 

The basic idea is that the superlattice or classical-well introduces barriers to 
exciton migration in one of the three dimensions and therefore increases the 
effective mean distance from the exciton to the nearest accessible non-radiative 
recombination “killer" center (fig. 1). This exciton confinement effect reduces 
the non-radiative recombination rate of excitons and therefore increases the 
luminescent yield. 

To see that such an effect must exist, consider a lattice with N traps 
(non-radiative recombination centers) dispersed in three dimensions with den¬ 
sity £>" 3 (the mean distance between traps is of order D). Then consider a slice 
of this lattice of thickness \ D. The mean distance between traps in this slice 
is of order £>(£>/A) l/: , larger by a factor (D/\)' /Z . As \ becomes small in 
comparison with D, the distance from an exciton to a non-radiative trap in the 


• Permanent address 
PACS Numbers: 78.55.Ds; 78.55.Kz 

0022-2313/85/S03.30 €> Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 





104 


S.-F. Ren.J.D. Do n / Lummcuvme cnliiimmien; hv ifasutal - n ell uruuurcs 


E 

u* 


— — 



_ 

Well 


Inaccessible 



killer 




- - 

s= Accessible 


X 



Fig. 1. A schematic one-electron diagram of a classical-well structure (energy versus position). The 
large band-gap layers form the confinement well in the material of band gap £ >jp An exciton 
(propeller) diffuses (arrow) to the nearest accessible killer center (double lines) through other 
impurity levels (solid lines). Killer centers in the barrier are inaccessible either because the\ are too 
far from the well for efficient transfer to them to be possible or because ihc change ol their 
energies by the barrier renders them out of resonance (1] and impotent. 


slice becomes large, so that an exciton confined to the slice can more easily 
rad'itively decay before being trapped. 

Stated more quantitatively, the probability that the nearest trap is a distance 
r from the exciton in a three-dimensional lattice is 

p x ( r ) - 4^r \vC( 1 - ** 4rrr : .vC exp( -.vC V ). 

where we have V = C is the density of lattice points. .vC is the density 

of (randomly distributed) traps (.vC => D~*). and we have assumed A'«l. The 
mean distance to the nearest trap is 

r Pjr)dr/l p x (r)dr 

J o J o 

— r(4/3)(4rr.vC/3) ~ i/? . 

where r<.-) is the gamma function. For a thin slice X <k (atC)' 1 we have the 
probability 

Px (r)=2rr\.xC(\-x) 4M = 2-vA.vC exp( - ^A.vC). 
and the mean distance to the nearest trap in the slice is 

R„ = r(3/2)[v>.xC)'' \ 
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Here A is the area e-r : . Thus we have 

**/*-, = (n i )1 ''(-/(>)'-• (-VC )' V - cc ( D/A)' 

We have executed model calculations to illustrate the effect on the lumines¬ 
cence of this change in effective nearest-trap-distance by the classical well. We 
assume that excitons walk randomly on a lattice containing traps which are 
distributed randomly. The jump time of the exciton between sites is a constant. 
t |UI 1 ; the exciton concentration is small: and the excitons initially are ran¬ 
domly distributed on the lattice points. Excitons jump to nearest-neighbor sites 
only (with equal probability): and. once trapped, never reappear. The effect of 
the superlattice or classical well is to confine the exciton to a slab: when an 
exciton attempts to pass through a slab boundary, it is perfectly reflected 
(unless the confined slice is onlv one atomic layer thick, in which case the 
exciton is only permitted to jump to one of its four neighboring sites). 

Our results, as obtained using Monte Carlo techniques [5-7] for 20U0 
excitons, are given in fig. 2 for a model in which we have - Ullip = 2 ps. 
.v = 10" 5 , and a radiative lifetime of r = 1 jus [8]. (The Monte Carlo calculation 
has been checked by calculating the mean number of steps before trapping for 
various analytically solvable [7] problems involving random walkers on latt ces 
with traps [9].) Because we have r Jump •« r, we first compute the number of 
excitons remaining untrapped assuming no radiative transitions (r= sc) and 
then multiply this result by exp(-//T) to obtain a good approximation for the 
luminescence intensity L(r), normalized to unity at / = 0. Note that confining 



( 10 6 1 / r )g „ c ) 


Fig. 2. Luminescence LU) versus lime / in unus of ihe jump lime T Jump . for an exciton confined to 
a weil of thickness \ *» a L . 5u L . 10u,. or ec. where u L is the lattice constant. These curses were 
calculated for 2000 random wail.er\ with a =» 10" 5 . r = 1 jts. and r jum( , » I ps. 
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wells of a L . 5a L . and 10a L . where a L is the lattice constant, do enhance the 
luminescence as expected: The total luminescent yields are enhanced hy factors 
of 2.34, 1.59. and 1.33, respectively. 

The present work is meant to demonstrate the qualitative effect on luminos¬ 
ity of exciton localization by superlattices or classical-well barriers, and hope¬ 
fully will stimulate experiments to observe and quantitatively demonstrate the 
effect, which may have been present in the recent experiments of Petroff et al. 
(10). The principal limitation of the present work is our assumption that the 
exciton is of zero radius and resides on a single lattice site at a time. This 
implies that the present theory is likely to be quantitatively applicable to only 
small-radius Frenkel excitons and to organic classical wells or superlattices. In 
semiconductors, excitons have large radii and. when confined in wells of less 
than ~ 100 A width, exhibit quantura-weii effects not included in the present 
model [11], Nevertheless if the transport to the non-radi.i ive killer center 
proceeds ”>s a result of migration of one carrier through successive small-radius 
deep-level states that have significantly different energies in the barrier than in 
the well, the present model should apply semiquanlitatively. 
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Predictions are given for the chemical trends in (i! deep energy levels associated with 28 sp i - 
bonded substitutional defects, and (ii) energies of Hjalmarson-Frenkel core excitons at the TOO) sur¬ 
face of Si, reconstructed according to Chadi's (2x1) asymmetnc-dimer model. The predictions sug¬ 
gest that P at tins surface should produ*e a deep level, and that the Hjalmarson-Frenkel surface core 
exciton should have a binding energy that is strongly site dependent. 


In this paper we report a semiquantitative theory of de¬ 
fects at the Si(100M2X 1) surface with its outer layer 
reconstructed according to Chadi’s asyminetric-dinier 
model. 1 Our approach is to solve for the band-gap eigen¬ 
values E of the secular equation, 

det[ l~G,(E)V]=0 , 

where G,(E) is the surface Green’s function and I'is the 
defect potential of Hjalmarson et a/. 2,1 Thus we follow 
the theory of bulk deep levels, 2 while evaluating G , usin; 
the theory of Allen, 4 evanescent-wave techniques, 1 and the 
empirical tight-binding basis of Vagi et u/. J A similar 



[ho] [no] 


FIG. 1. Illustration of the geometrical structure of Chadi's 
asymmetric-dimer model for the SidOOMZx 1) surface in the 
approximation that only the first plane of atoms u"-ergoes re¬ 
laxation. The surface is at the top oi figure, fr.e circles 
denote row>- of atoms in the (001) surface, \iewed atong tue (110) 
direction (referred to the usual face-centered-cubic bulk I'irec- 
tions' The rows o'" atoms in the top layer are displaced from 
thei: unreconstructed positions (dashed circles, to the open- 
circle positions. The displacements of the surface atom- em¬ 
ployed for the present work arc denoted n arrows The 
second-layer rows of atoms arc denoted by shaded circles The 
plane of the up-i and down-1 atoms in the plant of the paper 
lies below the corresponding up-2 and down-2 plane b> a per¬ 
pendicular oistance '/li . - Tue up-1 to up 2 distance is 
V }a L /4, where a L is the lattice constant. 


method has been applied extensively and successfully to 
defects at III-V(llO) surfaces by Allen et al ., 6 and has 
provided a unified explanation of observed Schcitky bar¬ 
rier Heights. 7 Details of the method and calculational pro¬ 
cedures are available elsewhere.* 

The results of the calculation are predictions of deep 


As Si T1 



FIG. 2. Predicted deep energy levels fur substitutionai defects 
at the jp sue of th-- Si(!00)-(2x 1) surfac-, reconstructed accord¬ 
ing to Chaoi’s as\:nmetnc-dimer model, • ersus defect potential 
K, The relevant defects appear al tne tc >f the 'igure at their 
values of T,. The shade'.: area oenoies the calculated surface- 
state ban' 1 (which are kr: >wn expen", eniahy to he ~0.5 eV 
lower thar. 'he calculation predicts 11 ! The qualitame features 
ot the calculation and chemical trenGi of the theory are impor¬ 
tant a^d meaningful re. jits. 
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As Si Tl As Si Tl 



FIG. 3. Deep levels ai the down site of the $i(100M2X 1) sur- FIG. 5. Deep levels for defects at the down site of the second 
ce - layer from the Si(100)-(2x 1) surface. 


trap energies E versus defect potential V. V is actually a 
diagonal matrix in the local s/>V basis, centered on the 
defect site V *=( V„ V p , V p V p 0); in order to present results 
as a function of a single parameter V it we use the rule 
V p =0.5V l . <> Figure 1 shows the asymmetric-dimer model 
reconstruction; Figs. 2-5 show the predicted defect levels 
for atoms at the “up" and “down" sites of the first and 
second layers of the asymmetric-dimer reconstructed sur¬ 
face (see Fig. 1). 


As Si Tl 
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FIG 4 Deep levels for defects at the up s/. of the second 
layer from the Si(100M2x 1) surface. 


A major result is that the “deep" defect levels for atoms 
at the "up” and “down” sues and in the second and first 
layers 10 are different. This is shown explicitly in Figs. 6 
and 7 for the P substitutional impurity and Si vacancy 
(which corresponds to K, —«>, respectively. (Consider 
only the qualitative aspects of the predictions, do not take 
the precise energy levels literally, the expected uncertainty 
is sa ±0.5 eV. 11 ’' 2 ) 


Sl(IOOW2xi) P or exciton 



1 'i CO 

FIG. 6. The predicted energy levels within the sur f e band 
gap for subsii'.utional P or a Hjalmaison-Frenke) core exciton 
(Ref. 13), as a function of layer number !« means bulk). The 
first- and second-layer deep levels all coalesce into a deep 
resonant level in the bulk. Closed (open) circle' denote electron¬ 
ic (hole) occupation of the neutral defect levels Sites are denot¬ 
ed, e.g., dour. 2 meaning the second-lave. site beneath the 
down-! site 
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Si(IOOH2xl) Vacancy 



I 2 to 

FIG. 7. The vacancy levels predicted to lie in the gap for the 
Si( 100)-(2 X I) surface as a function of layer number (co means 
bulk). Electronic (hole) occupation is denoted by closed (open) 
circles. The first- and ■•econd-layer levels all coalesce into the 
bulk Tj vacancy deep level (Ref. 2), which, when neutral, con¬ 
tains two electrons and four holes. 


Almost all impurities will produce at least one deep lev¬ 
el in the gap for one of the four sites near the surface. In 
particular, the bulk shallow dopants P (Fig. 6 (Ref. 13)] 
and As, when near or at the surface, are predicted to yield 
deep levels in the gap. Hence, the Si(lC0)-(2X 1) 
asymmetric-dimer surface of heavily doped Si should 
have many extrinsic surface states, with the number being 
roughly proportional to the surface concentration of 
dopants. 

At the surface. P produces 'evels near both 'he middle 
and the top of the fundamental band gap of Si—a striking 
prediction that may have direct bearing on the Si 2 p 
“core-exciton anomaly”—that the observed binding ener¬ 
gy of the Si 2 p core exciton appears to be considerably 
larger than predicted by shadow-impurity theory. 14 In¬ 
sofar as a 2 p core hole has a charge distribution similar to 
a proton, the cc.* electron sees the effective nuclear 
charge Z of Si increased by unity to Z -r 1; that is, it sees 
a phosphorus defect potential. 13 Thus the energy level of 
the surface core exciton should approximately equal the 
energy of a P surface impurity, and the theory predicts 
that there should be core excitons at the Si(lOO) surface 
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with apparent binding energies relative to the 
conduction-band edge, ranging from =0.2 eV on the up 
site of the first layer to more than half the band gap 
(=0.8 eV) on the down site. The important point ,s not 
the absolute values of the predicted binding energies 
(which have significant theoretical uncertainties 13 ) out 
that the variation of binding energy from site to site can 
be large. 

It is possible that this dramatic site dependence of the 
Si surface core-exciton binding energy has been observed, 
although . t recognized as such. Several authors have re¬ 
ported wiL.iy different Si 2 p core-exciton binding ener¬ 
gies, 14 from 0.1 to 0.9 eV, with some speculation that the 
proximity n the core exciton to’ the surface affects the 
binding energy. This variation is comparable with what 
we predict, 0.2-0.8 eV. Perhaps these diverse ..xpenmen- 
tai results can be understood as due to experiments sensi¬ 
tive to core excitons at different sites. 

This site-dependence occurs in part because electronic 
charge transfers from the down layers to the up layers at 
the surface. Thus the up site is a pseudo-anion site and 
the down site is a pseudo-cation at this surface. Chemi¬ 
cally, the down site becomes more s/r-bonded and the up 
site becomes more p backbonded. 15 The down cation site 
exhibits the larger exciton binding energy, as expected: In 
III-V semiconductors cation core excitons generally have 
larger binding energies than amon exciton*. This is be¬ 
cause the conduction-band states are cationlike, whereas 
the valence-band states are anionlike. This trend of the 
cation-site levels lying below the corresponding anion-site 
levels holds for the surface vacancies as we'l as for P or 
the core exciton. 

The present results illuminate the richness of the spec¬ 
tra of surface impurities. At the present, however, there 
are few data for the energy levels of known surface im¬ 
purities; we hope that the present work will stimulate 
more experiments in this direction and provide a guide for 
elucidating the chemical trends in data. 
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Abstract 

Recent theoretical work 'on the physics of surface dee? i-purity ‘.-totes, 
intrinsic surface states, and surface core exciton states in semiconductors is 
rev: :./ed. The Schottky barrier ehlghts of the cotron semiconductors can be 
understood in torus of remi-ievel pinning by various surface deep levels 
.associat’d vith native defects or defects produced by surtoce trencxents. The 
suite theoretical fra&ewcrk, which has been successfully applied to bulk 
deep-iev-.-l problems, also provices a ; ;ood account of the physics • ' intrinsic 
surface state dispersion relations and surface core excitun states. 
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I. Introduction 

In the bulk of, a tetrahedral semiconductor, a single substitutional s-p 
bonded inpurity or vacancy will ordinarily produce four "deep" levels with 
energies near the fundamental band gap: one s-like (Aj) and three p-like (T 2 ) 
[lj. These deep levels nay lie within the fundamental band gap, in which case 
they are conventional deep levels, or they nay lie within either the 
conduction or the valence band as "deep resonances." A sheet of N vacancies 
will produce &N such deep levels — nanely, the intrinsic surface state energy 
bands, which may or nay not overlap the fundamental gap (to a good 
approximation, insertion of a sheet of vacancies is equivalent to creating a 
surface). 


Intrinsic surface states have common underlying physics with deep 
impurities because they too result from localized perturbations of a 
semiconductor [2], and so their energies can be relatively easily predicted by 
extending to surfaces ideas developed by Hjalmarson, Vogl, Wolford, et al. [1] 
for the deep impurity problem. This has been done by several authors 
l3][4] l5][6][7][8][9][ 10] [11][12], nost notably by Allen and co-workers 
[ 13] [14] [15][ 16][ 17]. 

Extrinsic and native-defect surface states also are governed by similar 
physics, and are especially interesting ir. the light of the Schottky barrier 
pcoblem: Bardeen showed that modest densities of surface states on a 

semiconductor can "pin" the Fermi level []?•), forming a Schottky barrier. The 
bulk Fermi energies of the semiconductor, the metal, and the semiconductor 
surface must align (Fig. 1). If the semiconductor is heavily doped r.-type, the 
surface Fermi energy is the lowest empty surface state. The bands bend to 
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accomodate this alignment of Fermi levels, forming the Schottky barrier. Thus 
the Schottky barrier height is the binding energy of the lowest naturally 
empty surface state, relative to the conduction band edge. In 1976 Spicer et 
al. proposed that the Bardeen surface states responsible for pinning the Fermi 
energy are due to native defects [18][19][20][21][22]. 

Surface core excitons are similar to surface defect states, as can be 
seen by using the optical alchemy approximation [23] or the Z+l rule [24], 
Consider core excitation of a Ga atom at the surface of GaAs; the radius of 
the core hole is sufficiently small that the hole can be assumed to have zero 
radius (i.e., the hole is equivalent to an extra proton in the nucleus). Thus 
the core-excited electron feels the potential of an atom whose atomic charge Z 
is greater than that of Ga by unity, namely Ge. Thus the Ga core exciton 
spectrum is approximately the same as the spectrum of a Ge impurity on a Ga 
site. Hence the core exciton states in semicondutors can be either "shallow" 
(Wanr.ier-Mott excitons) or "deep" (Hjalnarson-Frenkel excitons), as is the 
case for impurity states. The deep Hjalmarson-Frenkel excitons are similar to 
the surface deep levels associated with impurities. 

In this paper, we show that the physics of deep impurity levels, 
intrinsic surface states, surface impurity states, Schottky barriers, and 
Hjalmarson-Frenkel core excitons are all similar. 

II. Deep impurity levels at the surface: 

Schottky barriers and Fermi-level pinning 
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The basic physics of most Schottky barriers can be explained in terns of 
the Fermi-level pinning idea of Bardeen [18]. Stated in a slightly 
oversimplified torm for a degenerately doped semiconductor at zero 
temperature, the Fermi energies of the mdtal, the bulk, semiconductor, and the 
semiconductor surface all align in electronic equilibrium. For an n-type 
semiconductor with a distribution of electronic states at the surface, the 
Fermi level of the neutral surface is the energy of the lowest states that is 
not fully occupied by electrons. Electrons diffuse, causing bund-bending near 
the semiconductor surface, until the surface Fermi energy aligns with the 
Fermi levels of the bulk semiconductor and the metal. This results in the 
fornurion of a potential barrier betweeen the semiconductor and the metal, the 
Stnottky barrier (Fig. 1). For an n-type semiconductor, the Schottky barrier 
height is essentially the energy separation between the surface state that is 
the Fermi level and the conduction band edge* For a p-type semiconductor, the 
barrier height is the energy of the highest occupied electronic state of the 
neutral surface, relative to the valence band maximum. Thus the problem of 
determining Schottky barrier heights is reduced to obtaining the energy levels 
of the surface states responsible for the Fermi-level pinning. 

In his original article, Bardeen focussed his attention on intrinsic 
semiconductor surface states as the most likely candidates for Fermi-level 
pinning. But lie also pointed out that deep levels in the gap associated with 
impurities or native surface defects could also be responsible for the 


phenomenon. 
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Following Bardeen's work, a major advance occurred as a result of the 
experiments of Mead and Spitzer (25) who determined the Schottky barrier 
heights of many semiconductors, both n-type and p-type. Most of those old data 
have been confirmed by modern measurements taken under much more favorable 
experimental conditions. 

However, after this work, the Schottky barrier problem was widely 
regarded ns understood [26] in terms of concepts quite different from 
Fermi-level pinning. 

In recent years Spicer and co-workers have revived the Fermi-level 
pinning model and have argued that the pinning is accomplished by native 
defects at or near the surface. Their picture is that during the deposition of 
the metal native defects are created at or near the semiconductor/metal 
interface, and that these semiconductor surface defects produce deep levels in 
the band gap that are responsible for Fermi-level pinning. 

Spicer's viewpoint has been contested by Brillson and co-workers 127], 
who have emphasized the importance of chemical reactivity on barrier height. 
The Brillson viewpoint gains support from the observation of well-defined 
chemical trends in the variation of barrier height with the heat of reaction 
of the metal/semiconductor interface, as shown for n-InP by Williams ut al. 
[23](29)[~0} (Fig. 2). (We believe that the Spicer and Brillson viewpoints can 
bj reconciled.) 

Daw, Smith, Svarts, and McGill (31) have proposed that free surface 
vacancies account for some of the observed Schottky barrier heights in 111—V 
semiconductors. Alien and co-workers have argued that a..„lsite defects 
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[32][33][34][35][36] "sheltered" [37] at the surface pin the Fermi energy for 
most Schottky harriers between III-V semiconductors and non-reactive metals, 
but that vacancies become the dominant pinning defect when the metal is 
reactive [36], Thus rhe Brillson reactivity picture can be unified with the 
Spicer Ferni-level pinning picture: the chemical reaction merely changes the 
dominant pinning defect. The experimental results of Mead and Spitzer [25], 
Wieder [38] [ 39 ] [40 j , Williams [28] [29] [30] , Monc'n [41 ] [ 42] [ 43] [ 44 ] [ 45] , their 
co-workers, and many others support this general viewpoint. 

Moreover, the connection between the Schottky barriers formed at Si 
interfaces with transition metal silicides and the barriers between III—V 
semiconductors and metals appears to be provided by the recent work of Sankey 
et al. [46]: Fermi-level pinning can account for the silicide data as well. 
Thus a single unifying picture of Schottky barrier heights in III-V and 
honopolar semiconductors ap r ears to be emerging. And although this Fermi-level 
pinning picture is no doubt oversimplified, it does provide a simple 
explanation of the first-order physics determining Schottky barrier heights, 
and how the physics changes when the dominant defect switches as a result of 
chemical reactivity. 

It appears unlikely, however, that the Fermi-level pinning mechanism of 
Schottky barrier formation is universal. Layered semiconductors appear not to 
exhibit Fer:;.i-level pinning, but rather seem to obey the original Schottky 
model [30]. This is probably because the layered semiconductors' surfaces are 
relatively impervious to defects and do not have defect levels in the band 


gap. 
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The Fermi-level pinning mechanism of Schottky barrier formation has the 
most advocates for III-V semiconductors such as GaAs and InP. However, even 
for these materials there are other proposed mechanisms for Schottky barrier 
formation, most notably those of rreeouf (47] and Ludecke [48]. 

Studies of Si, especially Si/transition-metal silicide interfaces, have 
focussed on the role of the silicide in Schottky barrier formation [49], in 
contrast to the studies of III-V':;. Thus, prior to the recent work of Sankey 
et al. [46], it was widely believed that Fermi-level pinning was not 
responsible for the Schottky barrier at these silicide interfaces. 

Thus the present state of the field is that Fermi-level pinning has its 
advocates for some semiconductors, but is not generally accepted as a 
universal mechanism of Schottky barrier formation, especially at 
Si/transition-metal silicide interfaces. 

A central point of this paper is the Fermi-level pinning can explain an 
enormously wide range of phenomena relevant to Schottky barrier formation in 
III-V semiconductors and in Si — which no other existing model can do. In 
fact, the authors believe that Fermi-level pinning by native defects is 

i 

responsible for the Schottky barrier formation in III-V semiconductors and in 
Si. 

Our approach to the problem is simple: we calculate deep lev :1s of 
defects at surfaces and interfaces, and we use these calculations to interpret 
existing data in terms of the Fermi-level pinning model. To illustrate our 
approach, we first consider the Si/cransition-metal silicide interface and 
Fermi-level pinning by dangling bonds, as suggested by Sanxey et al. (46). 
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a) Si/transition-metal silicide Schottky barriers 

A successful theory of Si/transition-metal silicide Schottky barrier 
heights must answer the following questions: (1) Hew are the Schottky barrier 
heights at Si/transition-metal silicide interfaces related to those at 
interfaces of III-V semiconductors with metals and oxides? (2) Why is it that 
Schottky barrier heights of Si with different transition metals do net differ 
by ~1 eV, since changes of silicide electronic structure on this scale are 
known to occur [50]? (3) What is'the explanation of the weak chemical trends 
that occur on a ~Q.l eV scale [50]? (4) Why are the Schottky barrier heights 
of silicides with completely different stoichiometries, such as N'i-jSi, NiSi, 
and h'ISi ? all oquai to within "0.03 eV? (5) ivhy are the Schottky barrier 
heights virtually independent of the silicide crystal structure? (6) Why is it 
that barriers form with less than a monolayer of silicide coverage? (7) Why do 
the Schottky barrier heights ror n- and p-Si very nearly add up to the band 
gap of Si? (8) What role do the d-electrons of the transition metal play in 
Schottky barrier formation? 

The answers to all of these questions are simple and straightforward, if 
one proposes (as Sankey et al. [46] have done) that the Si/transition-metal 
silicide Schottky barriers are a result of Fermi-level pinning by Si dangling 
bonds at the Si/transit ion-metal silicide interface. (1) The Fermi-level 
pinning idea unifies the Si/transition-metal silicide Schottky barriers with 
those found for the III-V's. (2) Tne Schottky barrier heights' independence of 
the transition-metal silicide comes from the fact that the causative agent, 
the Si dangling bond, is associated with the Si, and not with the silicide of 
transition metal. (3) The weak chemical trends in barrier heights occur 
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because the different cransiticn-metal siiicides repel the Si dangling bond 
wavefunction somewhat differently, causing it to lie slightly more or less in 
the Si. (4,5) Trie Schottky barrier heights vary very little with silicide 
stoichiometry and silicide crystal structure because the Si dangling-bond 
level is "deep-level pinned" m the sense >f Hjnlnarson et al. (1]s a large 
change in defect potential produces on 1 - .. a.change in the deep level 
responsible for Fermi-level pinning The transition metal atoms act as inert 
encapsulants with the electronic pioporties of vacancies, because their energy 
levels are out of resonance with the Si. (6) Sub-monolayer barrier formation 
occurs because the Si dangling-bond defect responsible for the Fermi-level 
pinning is a localized defect that forms before d fall interface is formed. 
(7) The Schottky barrier heights for n-Si and p-Si add up to the band gap 
because (in a one-electron approximation) the pinning level associated with 
the neutral Si dangling-bond at the interface is occupied by one electron, and 
so can accept either an electron or a hole: it is the surface Fermi level for 
both electrons and holes — both the lowest partially empty state and the 
highest partially filled state. (8) The d-electrons of the transition metal 
atoms play no essential role in the transition-metal si' aide Schottky barrier 
formation, except to determine the occupancy of the Si dangling bond deep 
level; they are out of resonance with the Si at the interface. 

The physics of the Si danglint-bond, Fermi-level pinning mechanism is 
contained in the very simple model presented by Sankey et al. (-5): to a good 
approximation, a Si dangling-bond at a Si/transition-metal filicide interface 
is the same as a vacancy in bulk Si with three of its four neighbors replaced 
by transition-metal atoms. To illustrate this ohysics, consider first a 
vacancy in bulk Si. This defect produces four deep levels near tr.e band gap: a 
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non-degenerate Aj 

or s-like 

level deep 

in the valence 

band (a "deep 

resonance") and a 

three-fold 

degenerate 

T 7 level in the 

band gap. The Si 

dangling bond defect 

at a Si/transition-metal 

silicide interfa 

ce differs for 


the bulk Si vacancy in two ways: (l)'some of the nearest-nuighbors of the 
interfacial vacancy are transition-metal atoms rather than Si atoms; and (2) 
more distant neighbors are also different atoms at different positions — but 
the experimental fact that Schottky barriers form at sebmon.olayer coverages 
suggests that these differences in remote atoms are unimportant. Inns we can 
imagine constructing the- Fermi-level pinning defect by slowly changing some of 
the Si atoms adjacent to a bulk Si vacancy into transition-metal atoms (Fig. 
3). 


To be specific we consider a Si/NiSi^ interface, with a missing Si-bridge 
atom. Thus (Fig. 4) the Si bond dangles into the vacancy left by the removal 
of the Si bridge atom; this vacancy is surrounded by one Si atom and three Ni 
atoms. 


How are the Ni atoms different from Si? First, their s and p orbital 
energies lie well above those of Si. Second, they each have an additional d 
orbital, with an energy that lies well below the Si s and p orbital energies 
(and is not terribly relevant here). The very positive Ni s and p energies uct 
as a repulsive potential barrier to electrons, repelling the Si dangling bond 
electron from their vicinity in the silicide and forcing it to reside almost 
exclusively in the Si. 
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The effect of this positive potential barrier due to the Ni-Si 
difference, as it is turned on slowly in our imagination, is to drive the 
levels of the bulk'vacancy upward in energy. In fact, for Ni, the potential is 
sufficiently positive to drive the T ? 'bulk-Si vacancy level out of the j_ap 
into the conduction band. At the same time, the Aj deep resonance of the Si 
bulk vacancy is also driven upward. For sufficiently large and positive 
potential, it pops into the fundamental band gap. 

The Aj-derived level cannot be driven all of the way through the gap by 
the potential though, because an (approximate) level-crossing theorem prevents 
this. A simple way to see that there is an upper bound within the gap .'or the 
perturbed Aj level is to consider a paired-defect of a vacancy with a 
neighboring t ton V. If the atom X is Si, then the defect levels are the A, 
(s-like) valence band resonance and T£ (p-like) band gap deep level of the 
bulk Si vacancy. Aj and T 2 are not good irreducible representation labels of 
the (Vg£,X) pair however; the Aj levei becomes o-bonded end the T 2 level 
produces one a-bonded and two n-bonded orbital, with the o-bond oriented along 
the Vg^.X axis and with the n bonds perpendicular to it. Thus the unperturbed 
(X=Si) 0 levels of the (Vg^.X) pair are the Aj and T-> bulk Si vacancy levels. 
The interlacing or no-crossing theorem [51] states that a perturbation cannot 
move a lavel further than the di.«, ar.ee to the nearest unperturbed level. (It 
applies only approximately here.) Hence no matter how elcctropc?itive X is, 
the (Vg£>X) level derived from the Si vacancy Aj level cannot lie above tne Si 
vacancy level. These considerations for general (Vg^,X) pairs hold for the 
specific case of (Vg^.N'i) pairs, 3nd carry over to the dangling bond defect at 
the Si/transition-metal silici<,a interface, which is a vacancy surrounded by 
three Ni atoms and one Si. Thus ihe dangling-cond Aj deep level is "deep-level 
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pinned" (as distinct from Fermi-level pinned) in the sense of Hjalmarson et 
al. (1], and is insensitive to even major changes in che nearby 
transition-meta. 1 atoms. To a good approximation, the nearby transition-metal 
atoms have the same effect as vacancies '(which can be simulated [52] by 
letting the orbital energies of the transition-metal atoms approach +», 
thereby decoupling the atoms from the semiconductor). 

Thus the work of Sankey et al. (46) not only provides an .:xplanation of 
the Si/transition-metal sili'cide Schottky barriers, it explains why 
calculations for defects at a free surface often can provide a very good 
description of the physics of Schottky barriers: the defects at interfaces are 
"sheltered" [37] or encapsulated by vacancies or by metal atoms that have 
orbital energies out of resonance ’ith the semiconductor atoms; because of the 
deep-level pinning, the free-surface defects (which can be thought of as 
encapsulated by vacancies) have almost the same energies as the actual 
interfacial defects. 


b) III-V Schottky barriers 

The Fermi-level pinning story for Si/transition-metal silicides holds for 
Schottky barriers formed on III-V semiconductors as well. Here we summarize 
the main predictions of the theory. 

The basic approach of the theory was to calculate the energy levels in 
the band gap of thirty s- and p-bonded substitutional point defects at the 
relaxed (53) (110) surfaces of III-V semiconductors. With these results in 
hand, Allen et al. examined Schottky barrier data in the context of 
Fermi-level pinning and eliminated from consideration ail defects that 
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produced levels considerably farther than “0.5 eV (the theoretical 
uncertainty) from the observed pinning levels. Interstitial defects were not 
considered; they 'nave less of a tendency [54] to exhibit the deep-level 
pinning that is responsible for the experimental fact that different metals 
produce similar Schoctky barrier heights. Moreover, extended defects were not 
considered initially, because it is known that paired-defect spectra are 
intimately related to and similar to isolated isolated-defect spectra [53]. (A 
more complete theory of Fermi-level pinning by paired defects, especially in 
GaSb where vacancy-antisite pairs are important, is in preparation.) 

For clean semiconductors, the native substitutional defects potentially 
responsible for the commonly observed Fermi-level pinning are vacancies and 
antisite defects (anions on cation sites or cations on anion sites). 

In GaAs, the defects proposed by Allen et al. (32) as responsible for 
Fermi-level pinning and Schottky barrier formation are the antisite defects. 
The cation-on-the-As-si:e defect accounts for trends with alloy composition of 
the Schottky barrier heights of n-type lnj_ x Ga x As and Ga,_yAiyAs alloys (Fig. 
5). The Ferni-level pinning of p-InAs [56J, which shows quite different alloy 
dependences (57), is also explained. 

This picture of Fermi-level pinning has been confirmed recently by Mbnch 
and associates, v.h'% annealed Schottky barriers and showed that the Fermi-level 
pinning disappeared at the same temperature that the bulk (and presumably also 
the surface) antisite defect is known to anneal !58j. 
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InP is an even more interesting material, because its Schottky barrier 
appears to depend on the heat of reaction of the interface [28)[29][30]. This 
can be readily explained [36] however in terms of switching of the dominant 
Fermi-level pinning defect from an antisite defect for non-reactive metals to 
a vacancy for reactive metals (Fig. 2). 

Moreover, surface treatments are known to alter the Schottky barrier 
height of n-In?, in a manner that can be easily understood in terms of the 
theory (36): Surface treatments with S.n or S produce shallow donor levels 
associated with Snj n or Sp at the surface, and these levels pin the surface 
Fermi energy for contacts between r.-InP and the non-reactive noble metals^ 
Likewise 0 and CL treatments lead to reactions with P that leave P-vacancies, 
so that the surface Fermi-level of treated r.-InP interfaced with non-reactive 
metals lies near the conduction band edge — as chough the metals were 
reactive. 

Thus the Fermi-level pinning ide3 appears to provide a simple and 
unifying understanding of a wide variety of Schottky barrier data in the 
common semiconductors. 

III. Intrinsic surface states 

The calculations of surface defect levels for the Schottky barrier 
problem can be checked by simultaneously evaluating surface state energies and 
comparing them with the considerable body of available data. The theory 
underlying surface state calculations is basically the same as tlut for bulk 
point defects or surface defects. It is quite simple, and requires only (1) 
the well-established empirical tight-binding Hamiltonian of the semiconductor 
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159] (the matrix elements of the Hamiltonian exhibit manifest chemical trends 
from one semiconductor to another), and (2) knowledge of the positions of the 
atoms at the surface. Thus a reliable treatment of the surface states of a 
semiconductor requires an adequate model of the geometrical structure of the 
surface. At present, no semiconductor surface structures are beyond 
controversy [60], but two seem to be rather well accepted; the (110) surface 
structure of IiI-7 and II-VI semiconductors with the aincbler.de 
[53] [61 ] [62] [63] , and the (iOI'J) surface structure cf II—VI semiconductors 
.iu'n the wu». i_zis.e structure ; 62j. In particular, (110) zincbiende surfaces are 
characterized by an outward, alr.ost-rigid-rotation relaxation of the anion 
(e.g., As in GaAs), with the bond between surface anion and surface cation 
rotating through about 27° (III-V's) or 32° (II-VI's), and with small bond 
length changes and subsurface relaxations. 

a) (110/ surfaces of III—V and it—VI zinc’olcnde semiconductors 

During the past five years, a number of groups have reported experimental 
and theoretical studies of intrinsic surface states at (110) zincbiende 
surfaces [3] [4j [ 5] [ 6] 17; [8] [ 9] [ 10 j [11][12][13][14][15][16][17][18] 

(6a][65][66][67][68][69][70][/1][72j(73] . In rig. 6, we show the cost recent 
calculation for the dispersion curves E(x) at the GaAs (110) surface [14], 
together with the measured surface state energies £o Williams, Smith, and 
Lapeyre [65] and of Huljser, van Laar, and van Rooy (66]. The calculation 
employs the ten-banc sp 3 s* empirical tight-binding model of Vogl et al. [59]. 
The agreement between theory and experiment is excellent. For example, along 
the symmetry lines \'F! and F.a (i.e., th^ boundary of the surface ErillorLn 
zone), the uppermost branch of observed states appears to be explained bv A-, 
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the next branch by the overlapping resonances A^ and A 2 ' » and the three lower 
branches by ', A-j, and C 2 - Here "A" and "C" refer to states localized 
primarily on anion' - and cation sites, respectively. A detailed comparison with 
previous theoretical studies o t the GaAs (HO) surface is given in Ref. flA]. 
The primary additional features are (i) the states Aj through A^ and Cj 
through (in the notation of Ref. [?}) were located as bound states or 
resonances at all planar wavevector " along the symmetry lines of the surface 
Brillouin zone, and (ii) two "new" resonances, Aj' and A 2 ' were found. (The 
branch Aj' was reported in Refs. {5] and [74], but not in the other 
theoretical studies. The branch A 9 ' had not been previously reported.) The 
discovery of this additional resonant structure is apparently due to an 
improved technique for calculating bound states and resonances — the 
"effective Hamiltonian" technique (14]. 

In Fig. 7, the theoretical dispersion curves of Beres et al. [K] are 
shown for the (110) surface of ZnSe, together with the measured surface state 
energies reported by Ebir.a et al. [iij. Again, the agreement between theory 
and experiment is quite satisfactory, being a few T tenths of an eV near the 
band gap, and larger for more ....scant states. Some apparent discrepancies [11] 
between experiment and previous theory were found to be resolved by a more 
complete treatment of the resonances, using the approach described above. 

Surface state dispersion relations have also been calculated for GaP, 
GaSb, InP, InAs, InSb, A?P, rJLAs, AT.Sb, and ZnTe [14] [ 15] [ 16] [ 17] . In none ot 
the direct-gap materials were Intrinsic surface states found within the band 
gap. GaP, however, was found to have a b3nd of unoccupied surface states that 
overlaps the fundamental band gap and extends below the bulk, conduction band 
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edge. This ' is in accord with the experimental facts: of these semiconductors 
only CaP has surface states in the gap J18J[69][70][71Ji72j- Of the remaining 
indirect-gap materials, the theory indicates that intrinsic surface states may 
be observable near the top of the band gap in the indirect-gap At-V compounds 
(16], although the theory is not sufficiently accurate to predict 
unequivocally that the states will lie within the gap. 

b) Si (100) (2x1) intrinsic surface states 

After cany years of intensive study bv numerous groups, there is still 
controversy over the geometrical structures of the cost thoroughly studied 
semiconductor surfaces: Si (100) (2x1) and Si (111) v.2xl). For example, four 
groups have recently given arguments for antiferromagnetic ordering of Si 
(111) surfaces [75], whereas Pandey has proposed replacing the conventional 
buckling model (76][77][78] of Si (ill) (2x1) by a (ilO)-like chain model 

(79] . 

In the case of Si (100), arguments have recently been presented 

[80] [81][82] against the (2x1) asymmetric dimer model of Chadi [83]. (In the 
asymmetric dimer codel, adjacent rows of surface atoms dimerize, forming a 
pattern of paired atomic rows c" the surface.) The most telling of these 
arguments involves the apparent disagreement between angle-resolved 
photoemission measurements of the surface-state dispersion curves [64] [65] and 
theoretical calculations of these dispersion curves with conventional models 
of the electronic structure as applied to the asymmetric dimer geometry 
[83][84]. 
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Very recently, two new calculations have been performed independently 
with improved models of the electronic structure (85]186). The same conclusion 
was reached in both w of these studies: the electronic structure calculated for 
the asymmetric dimer model is in agreement with the. measurements. This is 
illustrated in Fig. 8 (taken from Ref. (48]), where both the theoretical band 
width of 0.65 eV and the detailed variation with the planar wavevector fc are 
seen to be in excellent agreement with the experimental dispersion curves. In 
addition, there is quite satisfactory agreement between the theoretical 
surface band gaps and the 0.6 eV gap measured by Munch et al. (87). 

IV. Surface core exciton states 

The same calculations that predict native-defect surface deep levels for 
the Schottky barrier problem also yield surface core exciton energies, because 
the optical alchemy or 2+1 rule states that the Hjalmarson-Frenkel core 
exciton energies are the energies of "impurities" that are immediately to the 
right in the Periodic Table of the core-excited atom [23][24], Thus 
core-excited Ga produces a "Ge defect" and core-excited In yields "Sn." 

In Figs. 9 and 10, the theoretical exciton energies for the (110) 
surfaces of the Ga-V and In-V compounds are compared with experiment [88]. 
Notice that the experimental and theoretical exciton levels for InAs and InSb 
lie above the conduction band edge, as resonances rather than as bound states. 
In the present theory this result has a simple physical interpretation: Like a 
deep impurity state, the Hjalmarson-Frenkel exciton energy is determined 
primarily by the high-density-of-states regions of the bulk band structure. 
There is only a small density of states near the low—lying direct conduction 
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band minimum (corresponding to the T-point of the Brillouin zone}, but a large 
density of states near the higher, indirect X minima. Thus the conduction band 
minimum near T has ''relatively little influence on the position of the exciton. 

The surface Hjalmarson-Frenkel core excitons have also been calculated 
for the (110) surface of ZnSe and ZnTe {89] and are in good agreement with the 
measurements [90]. We conclude that the present theoretical framework does a 
good job of explaining the basic physics of the "deep" Hjalmarson-Frenkel core 
excitons, whether bound states o'r resonances. 

V. Unified picture 

Thus one interlocking theoretical framework successfully predicts the 
correct physics of (1) surface deep impurity levels and Schottky barrier 
heights, (2) intrinsic surfi.ce states, and (3) Hjalmarson-Frenkel core exciton 


states. 
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FIGURE CAPTIONS 

Fig. 1. Schematic illustration of Fermi-level pinning. Band edges of the 
bulk semiconductor, the semiconductor surface, and the Fermi energy of the 
metal, the surface of the semiconductor, and the semiconductor are all shown 
as functions of position. The lowest energy surface defect level that is not 
fully occupied (before charge is .Allowed to flow) is denoted by an open 
circle. This level ar.d the Fermi levels of the n-type semiconductor and the 
metal align. 

Fig. 2. Surface Fermi energy of n-type In? versus heat of reaction of InP 
with the metals Ni, Fe, AA, Cu, Ag, and Au, extracted from data of Ref. [28], 
assuming Fermi-level pinning. The theoretical Fermi-1 a vel pinning defect 
levels for the surface P-vacancy (V p ), the native antisite defects (Inp and 
Pl n ), and the extrinsic impurities S on a P-site (S t ) and Sn on a surface In 
site (Sn In ) are given at the right of the figure. The r.~In? data can be 
interpreted as follows: non-reactive met3ls produce only antisite defects as 
the dominant defects; reactive metals and treatment of the surface with oxygen 
and Cl produce P-vacancies. Treatments with Sn and S produce surface Sa^ n and 
Sp as dominat defects, respectively. 

Fig. 3. The totally symmetric (aj) levels for a bulk Si vacancy, 
surrounded by one Si atom and three X atoms, as a function of the defect 
potential V, normalized to the Ni defect potential, after Ref. [A6). For V=0, 
the X atoms are Si; for V-V,.^ , the X atoms are Ni. The parent levels of the 
isolated Si vacancy are shown for V=0. The experimental Fermi-level pinning 
position for NiSi? extracted from the data of G. Ottavianai, K. N. Tu , and J. 
W. Mayer, Phys. Rev. 321, 3351 (1981) are denoted by a dot with a label MSI,. 
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Fig. 4. One type of interfacial vacancy "sheltering" a Si dangling bond, 
after Ref. [46j. The geometry is that determined for the NiSi 2 /Si(111) 
interface determined by D. Cherns, G. R. Anstis, J. L. Hutchison, and J. C. H. 
Spence, Phil. Mag. A46 , 849 (1982). 

Fig. 5. Predicted dependence of Schottky barrier height on alloy 
compositions x and y of In 1 _ x Ga > .As and Gaj_ y A£ y As alloys compared with data, 
after Ref. ( 88 ). 

Fig. 6 . Predicted surface state dispersion curves E(R) for surface bound 
states (solid lines) and surface resonances (dashed lines) at the relaxed 
(110) surface of GaAs, after Ref. ( 1 4j. The energy is plotted as a function of 
the planar wavevector E along the symmetry lines of the surface Brillouin 
zone, shown on the right. The labelling is the same as that of Chelikovsky and 
Cohen (Ref. [7]), with Aj A 2 , , and C, mainly s-like, and A 3 A^, A^, C 3 , and 

mainly p-like. Aj and C 3 are the "dangling-bond" states. A 3 , Aj', and A 2 ' 
are largely associated with in-plane p-orbitals in the first and second 
layers. The character of each state varies somewhat with the planar v:avevector 
E, and represents an admixture of all orbi^„ls. The widths of the resonances 
are typically 0.5 to l.' N eV, but in some cases ere smaller than 0.1 eV or as 
large as 2.0 to 5.0 eV. The dots follow the continuous disperson curves 
inferred by Huijser et al. (Ref. ( 66 )) for the "clear" and "weak" experimental 
features. The open squares represent the states observed by Williams et al. 
(Ref. [65]). The data reported in Kefs. [64] and [ 6 ] are consistent with those 


shown here. 
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Fig. 7." Predicted energies of surface bound states (solid lines) and 
surface resonances (dashed) for the (110) surface of ZnSe, as function of the 
planar wavevector tc=(k 1 ,k 2 ), after Ref. [15]. The surface Brillouin 2 one is 
shown on the right; 7 is the origin, £=(0,0). The bulk bands are shaded. E y 

and E are the valence and conduction band edges. The experimental features 

c 

identified with bound and resonant surface states in Kef. [11], along the two 
symmetry lines TX' and XT’, are indicated by the dotted lines. 

Fig. 8. Dispersion curves fir surface states and surface resonances at 
the (100) (2*1) surface of Si, after Kef. [85]. The energy E is shown as a 
function of the planar wavevector £ around the symmetry lines of the surface 
Brillouin cone. Solid lines represent results of the present calculations; 
dashed lines are the measurements of R. I. G. tihrberg, G. V. Hans son, J. M. 
Nicolle, and S, A. Flodstrom, Phys. Rev. B24, 4684 (1981); and the dotted line 
is the measurement of F, J. Himpsel and D. E. Eastman, J. Vac. Sci. Technol. 
j_6, 1297 (1979), which were taken from 7 to J' along the (010) direction, 
rather than along the symmetry line 7 to J'. E y and E c are the Si valence and 
conduction band edges. 

Fig. 9. Predicted and observed Ga 3d core surface Frenkel oxcitons 
(double lobes) for GaAs, GaSb, and GaP, after Ref. [32J. The lower unoccupied 
surface states (Ref. [13] [14]) are represented by closely spaced horizontal 
lines. E y and £ c are, respectively, the top of die valence band and the bottom 
of the conduction band. The experimental results here and in Fig. 7 are those 
of Eastman and co-workers (D, E. castman and J, L. Freeouf, pri 33_, 1601 
(1974); 34, 1624 (1975); W. Gudat and 3. E. Eastman, J. Vac. Sci. Technol. J_3, 
831 ( 1976); D. E. Eastman, T.--C. Chiang, ?. Heimann, anf F. J. Hinpsel, prl 






r*age 


45, 656 (1980).). 

Fig. 10. Predicted and observed In 4d core surface Frenkel e>:citons for 
InAs, InSb, and In?, after Ref. (32]. 
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The energy band gaps and substitutional deep impurity levels of metastable alloys Ge,Sni_, arc 
predicted. As a function of decreasing alloy composition x the indirect band structure of semicon¬ 
ducting Ge first becomes direct (indicating that Ge,Sni_,< may have applications as an infrared 
detector) and then metallic. Doping anomalies commonly occur as x decreases. Between x ~0.4 
and x=0.8, the Gunn effect should occur. 


In this paper, we pi edict the band gaps and substitu¬ 
tional defect levels for alloys of germanium and tin: 
Ge x Sn|_,. These materials are normally immiscible for 
most compositions when grown under equilibrium condi¬ 
tions, but have been grown in substitutional, crystalline 
metastable states for compositions ,v >0.78 using non¬ 
equilibrium growth techniques. 1 ' 5 With increasingly so¬ 
phisticated growth techniques, we anticipate that meta¬ 
stable Ge^Sn,.* alloys will soon be available for a 
greater range in jc. j One purpose of this paper is to out¬ 
line the electronic structure of these new alloys, and to 
sjggest that, for a restricted range of all iy compositions, 
they should support Gunn-eflect oscillations. Hence we 
hope to stimulate efforts to grow these materials. 

Germanium is an indirect-gap material, the fundamen¬ 
tal energy band gap occurring at the L point of the Bril- 
louin zone (k = (2r/a t )(|.y, j)), with a magnitude of 
0.76 oV at low 5 temperature. Tin is a semimetal, a ma¬ 
terial with no band gap; its valence and conduction 
bands overlap at the f point [k-i(0,0,0)). We predict 
Ge,Sn,_, to have a fundarr ::ital band gap that varies 
from zero to 0.76 eV as a function c." composition x. 


the Vogl parameters is that they incorporate chemical 
trends, so changes in these parameters as the semicon¬ 
ductor composition varies are rather well-behaved func¬ 
tions of changes in atomic energies and bond lengths. 
The Vogl model, in its published form, is h.eking two in¬ 
gredients essential to a proper treatment of Ge,Sn|_,, al¬ 
loys: (i) spin-orbit splitting (which is important for the 
large-2 Sn atom), and (ii) st.ond-nearest-neigh’iur pa¬ 
rameters (which are needed to correctly simulate the rel¬ 
ative conduction .and mini.num near point L along A). 
The spin-orbit etlect has been mco'porated by a number 
of authors; we share common notation with Rt/. 8. 
Similarly, the second-neignbor interactions can be incor¬ 
porated as they were for Si^Ge, alloys by Newman 
and Dow ’ The resulting Hamiltonian, in a basis of 
tight-binding states of wave vector k, is 

K 

0 • 

It, 


H t 0 Hi 

o //, //,; 

H v H t 
tip, 0 


I. BAND STRUCTURES 


where //, is 


The energy bands of Ge.Sn,., alloys were predicted 
using the virtual-crystal approximation and a second- 
nearest-neighbor tight-binding model of the Roster- I 5 11 

Slater type." The parameters, for a firsi-nearest-neighbor ] s* 1 ] 

tight-binding Hamiltonian, are taken to be those of Vogl 
et al., 1 which are known to reproduce valence-band | s t) 

structures and the principal features of the lowest con- ^ 

duction bands for all zinc-blende and diamond covalent 
semiconductors. An important ami nontrivial feature o r and H p is 


!**!) !s*l) |JI) ;Sl) 

£ . 0 0 0 

0 £ . 0 0 
0 0 £, 0 

0 0 0 £ I 


i.i) 
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6 
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-lUV-S'* 3 
0 
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3 0 

0 ilt'„g,/' 3 

Ep -r>■ W p . U l\ 3 

It fg’ /v 3 £,, - a 

-IV ? ,g-*/v2 ,v /v 3 

0 


ltVg 6 /V6 

0 
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0 
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0 

6 

‘i 
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Here H a is 






|s*t) 

|s*I) 

|st) 


|s*t) 

0 

0 

0 


|s*l) 

0 

0 

0 


1st) 

0 

0 

U„8o 


| 5 i ) 

0 

0 

0 


H ip is 



Iff 

Iff 

1- -■!■) 

1 i’ i ' 

1 A -2) 

l t> i 1 

Iff 

lf-f 

|s*t) 

iv s . p8 :/v / i 

-V2U t , p g\/Vl 

iU. p gl/^l 

0 

I^Sj/v'l 

- iU s . p gl/>Ti 

|s*l) 

0 

iu s . pS ;/^l ■ 

' -^2U s , p g] /v/3 

iU'. pg ;/S2 

iu t , p8 ;/rt 

-V } . p 8\/V~2 

| st) 

iU, p gl /v'l 



0 

Uspgi /v'l 

-iV: P 8V V 3 

1st) 

0 

iu ip g: /v/6 

-SlU, p g\/V 3 

iU ip g\/V2 

iV v 8t /^3 

~V> ? 8'/ V 3 

H pi is 









*1) | 

s*l) 

|st) 

|st) 



If*) iU i , p gt/y / 2 0 iU, p g \/V'2 0 

If*) Siv i% g\/'A iu.'g'i/rt ^~ 2 U, p g\/Vi iv ip g\/Si 

If-*) iU t . p g;/S6 V2V t . p g\/V\ iU sp gt/Vl V2V, p gU^> 

If-*) o iu t . t gl/y/i o iu, p gi /V\ 

|f*> /v/1 iU t . p gl/V 3 -U sp gl/V 3 iu it g\/v 3 

if-*) -iU i% g:/V~2 U s . p8 U^ -iU lp gl/S) V ip g\/V'i 


and H PP is 

1 2 2) 

1 2' 2 1 

If*) 

If-*) If-*) 

l 2 i ) 

1 2*7' 

If-*) 

1 2 2) 

U»8o 

-Vrfi/y/i 

iU xy g]/V 3 0 

u t> gi A'6 

—‘ v'l U iV g ‘ /v'l 

|2 2) 

1 VI 1 

~U xy g' } /Sl 


0 Wrfl/V 3 
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-Uxygl/Sl 

If-*) 

-iUxyg 

0 

_ U, y 8l /^l 

-U„g\/Vl 

0 

If-*) 

0 

-iU.ySi /v'l 

b„g j/'/l U xx gQ 

-i^2U xy gt /^3 

U„i\/V 6 

If*) 

UxySl/Si 

0 

-u^gl/^l iV2U xy g\/V 1 

UxxgO 

0 

1 2,-3-) 

‘2’ 2 1 

i^UtygS /v'l 

-U xy gt/\ r 2 

0 U xy g\/Vl 

0 

V»8t 


We have used the notation of Kobayashi et al. s for all 
nearest-neighbor parameters. The second-neighbor pa¬ 
rameters are W, p =4(s,<r,01 // 0 |p,o,di). where d ; is 
the displacement vector of a second neighbor. 10 

The first-neighbor parameters for Ge and Sn were 
fitted to the band structures of Chelikowsky and Cohen 5 
using the method of Kobayashi et a 1 * The second- 
neighbor parameters were fit to the conduction-band 
edge at the L point using the same band structures. A!! 
parameters are given in Table I. 

By diagonalizing ' 'is Hamiltonian, we obtain the band 
structures of Ge and Sn, which are in good agreement 
with the pseudopotential band structures of Chelikowsky 
and Cohen. 5 (See Figs. 1 and 2.) To obtain the virtual- 
crystal band structures of Ge^n)^ alloys, we first aver¬ 


age the parameters of Ge and Sn as follows: on-site pa¬ 
rameters, x [Ge]+( 1 — At)[Sn]; otT-diagonai parameters, 
(x [Ge]|u(Ge)| : -f (1 -x)(Sn]|a(Sn)|*)|oU)| ” 3 ; where 
(Ge] and [Sn] are typical bulk Hamiltonian parameters 
of Ge and Sn, n(Ge' and o(Sn) are tne lattice constants 
for Ge and Sn, respectively, and we assume Vegard’s 
law: 

a (x)=xa (Ge) + ( 1 -x)o(Sn) . 

This averaging procedure is a virt jal-crystal app r oxima- 
tion, and is valid because the Onodera-Toyozawa 11 ratio 
for Ge,Sn|_,, is considerable less than 0.1 for the con¬ 
duction and valence bands. This ratio is the •nfler-nce 6 
in on-site energies of the two constituent materials divid- 
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TABLE i. Sn and Ge tight-binding parameters (in eV, ex¬ 
cept d, which is in A). We have added second-neighbor pa¬ 
rameters to fit the gap at the L point. The notation is that of 
Kobayashi et al. (Ref. 8).^ 


Ge Sn 


E, -5.8800 -5.8800 

E„ 1.5533 1.1733 

A. 0.0967 0.2667 

E. 6.3900 5.9000 

U„ -6.7800 -5.4600 

U„ 1.6500 1.4400 

U ty 4.8416 3.9042 

U v 4.9520 ,4.0172 

U . 4.5030 ' 3.6459 

wj 0.1352 0.1229 

d 2.45 2.81 


Additional second-neighbor matrix elements 


( !• T I W I T- T * /s/ \_ 
(| , -!|W||.{l=iTh'„g,*V'2/3 
<},-}|//|f,j) = -«H', l *;/v'3 
(},-{|//|| l 4)=-I^ g ;/V2 l 

(y* j I W ! j. — y)—* — /V2 

where 

g„ = sin( k,o /2 )sin(/c,n /2 )+i sin( k,a/2 )sin( k,a/2) 
g,=sinik,a/l )sin( k,a/2)-i sin( k t a /2 )sin( k,a /2 1 
g* = sin( k f a /2 )sin( k,a /2) 


ed by the bandwidth W of the associated band. For 
Ge x Sn|_.,, the larger of the differences S of s and p on¬ 
site energies is 0.38 eV. The conduction- and valence- 
band widths of Sn are 11.34 and 5.72 eV, respectively. 
(The bandwidths of Ge are comparable ) In this case, for 
Ge,Sni_^ we have 6/H''50.02 for the valence band and 



lines) compared to the pseudopotenttal results of Chehkowsky 
and Cohen (Ref. 5) (dashed lines). 



FIG. 2. Band structure of Sn (solid lines! in comparison 
with the results of Ref. 5 (dashed lines). 


5/ IV SO. 07 for the conduction band. These materials 
satisfy the criterion as well as or better than alloys of 
GaAs and GaP. 

The resulting virtual-crystal-app' "nation band 
structures of Ge c Sni_, are displayed in Figs. 3, 4, and 5 
for at =0.25, 0.5, and 0.75, respectively. 

Figure 6 displays, as functions of alloy composition *, 
the principal virtual-crystal band gaps at point T, point 
L, and poin’ X [k = (2rr/a)( 1,0,01], and A (A is the 
wave vector of the local minimum in the conduction 
band along the [100] direction; point 1. is a local 
minimum). 

Interesting features of Fig. 6 are (i) that a direct (D- 
to-indirect (I) crossover is predicted near *-0.8, (ii) 
the alloy’s fundamental band gap is nonzero for * >0.4, 
end (iii) the level at f is lower in energy than the level at 
L for * <0,3. This means that Ge^Snj.,.,, will be semi- 
metallic for * <0.4, a semiconductor with a direct gap 
for 0,4<* <0.8 (and hence a potential infrared detector 
or light emitter), and a potential Gunn oscillator for 
0.4 <.t <0.8. (See below.) For * >0.8, Ge x Sni_ x is an 
indirect-gap semiconductor. 



L r „ X U,K r 

k 


FIG. 3 Band structure of metastabie Ge-j ;<Sn fl 
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FIG. Band smicture of metastable Geo .Sn 0 5 . 


II. DEEP IMPURITY LEVELS 
A. General 

The deep impurity levels are computed following the 
general approach of Hjalma"on ei al . 1A2 Because of the 
chemical trends in the matrix elements, a defect poten¬ 
tial matrix can be constructed rather easily. For substi¬ 
tutional defects that have the same bond length as the 
host atoms they replac-*, the matrix in a basis of local¬ 
ized orbitals centered at the defect site is 


i e 6 ) |£ s ) |£ : ; 

|£6> o o 

I -’a) 0 er-~4 /2 0 

|£ 7 > 0 C e, I/2 — 

where e is the on-site energy 13 of the host ( h) or impuri¬ 
ty (/). Note that the £ 6 state is s^-like, the £ 7 state is 
p- - r like, and the £* state is /^-like. 

The effects of lattice relaxation around the defect and 
bond-length changes can be incorporated by noting that 
the off-diagonal matrix elements of the Hamiltonian 13 
scale as the inverse square of the bond length. Here we 
neglect such lattice relaxation effects because (i) they are 
small, of order 0.1 eV, on the energy scales of relevance 




FIG. 6. Predicted lowest conduction bands at P. L, and X 
(the valence band is shaded) vs aiio.' composition x for 
Ge,Snj.,. The band gap varies from ziro for x =0.4 to 0.76 
eV for pure germanium. This covers energies corresponding to 
infrared light. The Gunn effect should c^cur for 0.4 <x <0.S 
because the high-mobiiit) low-effective-ma-s P minimum lies 
below the low-mobility L minimum. For x <i 4 the alloy is 
predicted to have zero gap. 


to the deep impurity problem —namely, the — 10-eV 
bandwidths, and the ~1 -10-eV scale of the defect po¬ 
tential, and (ii) we are exploring the global chemical 
trends in the defect levels rather than attempting to pre¬ 
dict with precision the energy levels of a specific defect 
in a single host—while the physics of the unrelaxed 
deep levels may exhibit well-defined trends, the lattice 
relaxation may be governed by different chemistry which 
might obscure the trends in the unreiaxec deep levels. 
Introducing the Green’s-function operator 

G(£)=.(£ —H 0 )~' , 

where the energy £ is to be interpreted as having rn 
infinitesimal posithe imaginary part when it lies in a 
host band, the Schr.idinger equation for the deep level 
eigenvalues £ ; s 

(H 0 + V)i!>=Eil! , 

and leads to the secular equation 

det( I —GV) = 0 . 

Here //, is the host-crystal Hamiltonian, V~H —H 0 is 
tne defect matrix, and . is the unit matrix Invoking the 
diamond-crystal symmetry of virtual-crystal Gc^n,^, 
he secular equations reduce to the sc. ar equation 

l/K t =G„(£) 

for the doubly degenerate j;/>-likc £„ level, 

!/F i/ ,=G 7 (£) 

for the doubiv degenerate; , --like £ 7 levels, and 


FIG 5. Band structure of meiastable Ge 0 7 <Sn<> 


I / P; /i — G K i £ I 
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for the fourfold-degenerate like £, levels. Here G^, 

G and G j are Green’s functions for £„, £;, and E t 
symmetry, and are defined as follows: 


G,iE)=J, / a'Jc 


? j (1','i.n lI'.k . r. ? j 1 
£-£.! k‘> 


where £,(k > is the nth eigenvalue at wave vetor k and 
) is the nth eigenvector at k with / =s = o, p ;/ 2 , 
or -2 for the E h . E s , or £- symmetry, respectively. 
The matrix elements V t are deduced from the chemical 
'end: 


v t =£/( UJ- ^p — lC/ hml ), 

where u;- „ and avi.,*, are atomic energies for the im¬ 
purity and host atoms, respectively, 1 —s u . p 3 / 2 , or 
p\/ 2 i and £;=0.S for I=s w2 , and 0.6 for I =pm or 
P 3 / 2 . We have K 3<: = I ' 1/2 = 


B. Deep levels 

The predicted substitutional-impurity deep-level ener¬ 
gies £ in the fundamental band gap obtained by solving 
the secular equations for Ge x Sn|_j, are given in Figs. 7 
and 8 for levels of £ a . £-, and £3 symmetry, respective¬ 
ly. The levels found f >r Ge are in generally good agree¬ 
ment with what is known about deep impurities in that 
material. The results of this model are comparable with 
those of other theories . 1415 some of which are much 
more complicated. Fcr example, we calculate the vacan¬ 
cy £ s level to be 0.24 eV above the valence-band edge, 
compared to a range from 0.04 to 0.66 eV for other 
theories . 9 We estimate the uncertainty in our theory to 
be a few tenths of an eV, comparable with the claimed 
0.2-eV uncertainty for self-consistent pseudopotential 
calculations . 13 In Table II we compare the present 



FIG. 7. Prcdicied substitutional deep impurity levels in 
Ge,Sni of £ 6 (s-like) symmetry as a function of composition 
x The zero of energy is the valence-band edge. The 
conduction-band • .es at T and L are shown Impurity levels 
in the fc „p for pure Ge are driven into the conduction band as 
t decreases. Occupancies of the neutral impurity states are 
shown on the right: electrons are solid circles and holes are 
open circles. An extra electron (denoted by -Q) would occu- 
ps a state near the eonduction-oand edge 



FIG. 3. Predicted substitutional impurity deep levels in 
Ge,Sni_, of E- ‘P-. ; -uke.' and £ ( fpt/j-hkc! symmetry as 
functions of composition x. The levels are plotted relative to 
the valence-band edge. Occupjncies of "he states are shown; 
electrons are solid circles and holes are open circles. The 
conduction-band edges at T and L arc shown. Impurity levels 
in the gap for pure germanium are driven into the conduction 
band as x decreases. 


theory with experiment. The deep energy levels for S, 
Se, and Te, all from column VI of the Periodic Table, 
show a definite trend to higher energies for the series S 
to Se to Te. This trend is due to a reduction in the mag¬ 
nitude of the atomic orbital energies for the valence 
electrons of these impurities, hence the defect potential 
weakens. The trend is present both in theorv and in ex¬ 
periment. While the predicted level for S precisely 
matches experiment (accidentally good agreement for a 
theory with an uncertainty of a few tenths of an eV). the 
theory also agrees with the data for Se, and places the 
Te deep level just above the conduction-band minimum, 
while the data reveal a le.cl of 0.1 eV below the band 
edge (within the uncertainty). 

C. Doping anomalies 

As the band gap decreases with increasing Sn compo¬ 
sition, the deep levels lying in the fundamental band gap 
of Ge pass into either the conduction band or the 
valence band of the alley. When this happens, a doping 


TABLE II. Comparison of our calculated deep levels (in eV) 
in Ge with experimental values taken from W \V. Tyler, J. 
Phys. Chem. Solids 8. 59 (1959) The Te deep levci .11 our 
theory is resonant wiih the conduction band so t u e ground 
state of the Te impurity has us i-vo extra electrons in the 
effective-mass shallow levels. 


Impurity 

Deep levels 
Present theory 

Experiment 

S 

0 58 

0 58 

Se 

0 69 

0 62 

Te 

resonant 

0 65 
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anomaly generally occurs. There are two types of com¬ 
mon doping anomalies: til deep-shallow transitions, 
which occur when a deep level crosses a band edge, and 
(ii) false valences that result from a deep ievci crossing 
the fundamental band gap. 

For clarity of discussion. we shall assume that the pre¬ 
dicted deep-level energies are precisely correct, while 
cautioning the reader to make allowances for a few 
tenths of an eV uncertainty in the theory due to neglect 
of lattice relaxation and charge-state splitting of the lev- 
els:' 4 for example, the Hg £„ level, according to Fig. 8, 
is both an electron and a hole trap, but might actually 
lie below the valence-band maximum, donating its two 
holes to the valence band and becoming a double accep¬ 
tor. (The holes are then trapped by the long-ranged 
Coulomb potential in shallow acceptor levels.!' 

1. Deep-shallow irar.sitions 

All impurities with deep levels in the gap for Ge un¬ 
dergo a deep-shallow transition as the Sr composition 
increases. For example, the p 3/: -like £, Hg level is 
driven into the valence band (Fig. 8), wliiic the other 
deep levels are driven into the conduction band (Fig. 7.) 

When the Cl, Br, and I deep £, ievels pass into the 
conduction band with decreasing x, the electrons that 
occupy the deep levels are autoionized, tall to the 
conduction-band minimum, and then are trapped in 
shallow levels. These impurities cease being deep hole 
traps (plus single donors) and instead become triple 
donors—the status they wou.d hold in a naive effecti'e- 
mass theory which contained no deep levels. 

Similarly S and Se are deep (double-hole) traps in Ge 
but become double aonors for smaller x (see Fig. 7). N 
is a deep (electron and hole) trap tn Ge, but becomes a 
shallow donor for x <0.6. The Hg £ 8 levei traps two 
electrons and two holes (if the theory is taken literally) 
in Ge, but Hg become* a doubie acceptor with increas¬ 
ing Sn content. Final \ the vacancy, which is a deep 
trap in Ge capable of capturing four electrons or two 
holes, becomes a doubie donor when both of its levels 
enter the conduction band (but is only a hole trap when 
the £ s level is in the conduction band and the E- level is 
in the gap). 

2. False valences 

Substitutional oxygen displays a false valence of zero 
with respect to Sn or Ge, instead of —2. To see how 
this happens, consider Fig. 9, which displays the predic¬ 
tions for substitutional impurities from row 2 of the 
Periodic Table in Ge. The x-like and p-likc levels in the 
conduction band of Ge for a column-IV defect (C) move 
do" > in energy as one move* to the right in the Periodic 
Tabic. The s-likc level he* .n the gap for N, but crosses 
the gap into the valence band for oxygen and F Simi¬ 
larly the p-like E 7 and E, levels descend into the gap for 
F Because its c-He £ n deep level has crossed the gap 
into the valence band and contain* two electrons, neutia! 
oxsgen produces neither a dou. c dono r (effecti'e-mas- 
intuition) nor ieep trap Instead neutral oxygen is it. 
ert. neither trapping, nor donating, nor accepting elee- 



FIG. 9. Predicted deep levels for substitutional impurities 
from row 2 of the Periodic Table in Ge. Impurities to the 
right of C, namely N, O, and F, are not donors (counter to in¬ 
tuition). N and F are traps, while O is inert. B and Be are ac¬ 
ceptors, C is inert, and Li and the vacancy trap both electrons 
and holes. Levels in the bands are not to scale. 


trons. It has a false valence of zero with respect to Ge. 

Similarly F has a false valence of —1 instead of —3, 
and also has a deep level in the gap of Ge. There are no 
false valences for impurities on the left side of the 
Periodic Table, because the filled s- and /5-like states in 
the valence band move up in energy, and cross into the 
gap for the vacancy levels (Fig. 9). 

III. GUNN EFFECT 

Gunn oscillations ’'- n result when electrons can 
transfer from a high-mobility region of the Brillouin 
zone to a low-mobility region. The mobility is 

| e | r/m * , 

where e is the electron's charge, and m * is the electronic 



FIG 10 Predicted effective electron m.i**e* in ihe T and L 
'alley* \* composition v The mas* in the F 'alley is smaller 
than the mass of the L valley, likely resulting in a larger mobil¬ 
ity for electrons in the T valley The Gunn effect may be ob¬ 
served for 0 4 e- x 'OK The minimum in ihe mass of the T 
sa 1 lev uuurs al the composition where ienergy hand gap 
vanishes 
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effective mass, and r is the scattering time (due to pho¬ 
non, impurity, and alloy scattering). In most semicon¬ 
ductors the mobility of electrons in the T valley of 'he 
conduction band is considerably higher than that in the 
L or X valleys, o'ving to the very light effective mass. 
We hnd this to be the case for Ge t Sn|_, (see Fig. 7). 14 
The effective masses produced by the current model may 
be in error by as much as a factor of 10; nevertheless, 
the model does give a good qualitative idea of how the 
masses vary with composition: the mass of the P 
minimum becomes very light near .t i0.4, as the alloy 
becomes metallic (see Fig. 10). 

Gunn devices are ai»o known tc produce coherent ra¬ 
diation. 20 ” 1 As the potential across the device inetbases, 
it eventually causes transitions to the low-mobility state, 
and then the electrons slow down and form a high- 
resistivity domain that propagates along the device. 
Most of the potential drop is over the small domain. 
The resulting electric fields are large and can cause im¬ 
pact ionization, generating electron-hole pairs. As the 
domain passes through the material, the electron-hole 
pairs are left behind. The electrons (holes) fall to the 
conduction (valence) -band edge through phonon emis¬ 
sion. The pairs undergo radiative recombination. Such 


radiation stimulates further recombination and light is 
coherently prcttuced. It is an unanswered experimental 
question whether such effects occur in Ge^Sn,_,. 

IV. SUMMARY 

In summary, we hav-* predicted the electronic struc¬ 
ture of Ge x Sn,_ x alloys, and find that these materials 
should exhibit interesting properties for some ranges of 
composition x, including direct band gaps in the infrared 
and band structures compatible with the Gunn effect. 
We hope that this work will stimulate further attempts 
to produce electronic-grade Ge^Sn,^ materials. 
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Theoretical predictions of electronic energy levels associated with s- and p-bonded substitutional 
point defects at (110) surfaces of InAs and other I1J-V semiconductors are presented and 
discussed. The specific defects considered for InAs are: anion and cation vacancies, the (native) 
antisite defects In As and As,„, and 26 impurities. The predicted surface-defect deep levels are used 
to interpret Schottky barrier height data for (a) n- and p-(InAs) and (b) the alloys Al, Ga, _ x As, 

GaAs, __,P,, In, __ t Ga Jt P, and In, .^Ga, As. The rather complicated dependence of the 
Schottky barrier height d> B on alloy composition x provides a nontrivial test of the theory (and 
competing theories). The following unified microscopic picture emerges from these and previous 
calculations: (1) i-'or most III—V and group IV semiconductors, Fermi-level pinning by native 
defects can explain the observed Schottky barrier heights. (2) For GaAs. InP, and other III-V 
semiconductors interfaced with nonreactive metals, the Fermi-level pinning is normally due to 
antisite defects. (3) When InP is interfaced with a reactive metal, surface P vacancies are created 
which pin the Fermi level. (4) Impurities and defect complexes are sometimes implicated. (5) At 
Si/transition-metal-silicide interfaces, Si dangling bonds pin the Fermi level. (6) These defects at 
the semiconductor/metal interfaces are often “sheltered" or “encapsulated.” That is, the states 
responsible for Fermi-level pinning are frequently “dangling-bond” states that dangle into a 
neighboring vacancy, void, or disordered region. The defects are partially surrounded by atoms 
that are out of resonance with the semiconductor host, causing the defect levels to be deep-level 
pinned and to have energies that are almost independent of the metal. 

PACS numbers: 73.20.Hb, 73.30. + y 


I. INTRODUCTION 

In this paper we report calculations of the deep levels asso¬ 
ciated with surface s- and p-bonded substitutional point de¬ 
fects in InAs, and we show how these results fit into an 
emerging unified microscopic picture of surface deep levels 
and Schottky barrier heights in III-V and group IV semi¬ 
conductors. 

II. DEFECTS AT THE InAs (110) SURFACE 

The calculations we report employ existing and well-es¬ 
tablished techniques for treating defects in semiconductors 
and at semiconductor surfaces. 1 ' 16 Briefly sta’ed, the 
Green’s function matrix G\E) = \E — if) - ’of the host semi¬ 
conductor, with a (110) surface relaxed according to the IT 
rigid-rotatio" model, 17-19 is constructed in an empirical 
nearest-neighbor sp y s* tight-binding basis.* 1,9 Because the 
matrix elements of theempirical tight-binding theory exhibi* 
simple dependences on the orbital energies of the atoms and 
the bond lengths between neighbors, the changes in these 
matrix elements due to a defect can be estimated from the 
known atomic orbital energies of the defect atom and the 


(presumed known) lattice distortion around the defect. Thus, 
a defect potential matrix V d car. be ccnstrc ..b is 

localized to the impurity site and a small number of i:s neigh¬ 
bors. (In practice lattice distortion around the defect has 
only a small, ~0.2 eV, effect on the deep levels of i n terest, 
and so we neglect it—making V d a diagonal matrix in a lo¬ 
calized basis.) The resulting eigenvalue equation for the 
“deep” energy level E is 

det[ 1 - G{E)V d ] r,o, 

whose solutions E ( V ,) are given in Figs. 1 and 2 for defects at 
the (110) surface of InAs. [To plot £ as a function of u single 
variable V„ we have made the usual approximations for the 
on-site matrix elements of the 5x5 matrix V d \ (1) the s* 
uiagona! element and all off-diagonal elements vanish, and 
(2| the th, eep diagonal elements are equal to one another and 
half of the r-diagonal element F,.” 20 ) Details of the calcula¬ 
tions, which are identical to those for other III—V semicon¬ 
ductors, ar available in the lite.ature. 1 ' 5,12 It should be em¬ 
phasized that this theory is best suited for predicting 
chemical trends in the energ; levels of different impurities in 
different hosts, rather than predicting with precision tne ab- 
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Fio. 1. Deep levels for impurities on the In site within an In As| 110) surface 
layer (solid lines) V, is the impurity potential for s electrons E, and E, are 
the conduction and valence band edges. The curves are labeled according to 
the parity of the defect stare with respect to the (I TO) plane, which is perpen- 
dicular to the (1 !0| surface plane The dashed lines give the/f, ts-like) and 7\ 
(p-Iike) levels for the In site in bulk InAs. 


solute energy levels themselves. For this reason, it is espe¬ 
cially well suited for treating small band-gap semiconduc¬ 
tors, because a knowledge of the trends can compensate for a 
significant theoretical uncertainty on the scale of the band 

gap- 

The predicted surface (solid line) and bulk (dashed line) 
deep levels for defects at the As site in InAs are given in Fig. 
1. The surface or bulk deep levels of a specific impurity are 
obtained (roughly* 1 ) by dropping a vertical line from that 
impurity (at the top of the graph) and determining its inter¬ 
sections with the solid or dashed theoretical curves. For ex¬ 
ample, Zn on the As site in InAs is predicted to produce a 
bulk level roughly 0.2 eV above the valence band maximum 
and a surface + parity level at roughly 0.4 eV (just below the 
conduction band minimum). The vacancy levels are the lim¬ 
its as V s — ►oo of these curves. 15 


Cl N St 1C ft ( 
l8fl$)Jl % 


The electronic occupancy of a level is determined by not¬ 
ing its origin for V t = 0 and the valence difference between 
the impurity and the host atom. For example, neutral Zn has 
three fewer electrons than As, or three more holes. For sur¬ 
face Zn. two of these holes go into the uppermost + level, 
which (with K s increasing from zero) emerges f r om the va¬ 
lence band, crosses the gap, and passes into the conduction 
band. The third hole goes into the second -f level, which 
(for V s equal to the value appropriate for Zn) lies roughly 0.4 
eV above the valence band maximum in the fundamental 
gap. Thus, the only deep level m the gap of neutral 
surface-Zn As is occupied by one electron and one hole. Ne¬ 
gatively charged Zn - at the surface would have two elec¬ 
trons in this level. A similar argument for the bulk Zn level 
reveals that the orbitally threefold-degenerate 7\ state lies in 
the gap and is occupied by three electrons and three holes 
when the defect is neutral. 

Similarly, the As vacancy corresponds to V,— oo, with 
five holes added; i.e., the As site atom is decoupled from the 
host 15 and its electrons are removed. Thus, three electrons 
and five holes “occupy” all the levels of the vacancy, includ¬ 
ing those that have been pushed into and are resonant with 
the conduction band. Electrons are unstable in resonant lev¬ 
els, so they spill out and fall to the conduction band edge. 
The defect then becomes a shallow donor, with levels bound 
by the long-range Coulomb tan of the potential (Omitted 
from the present model) Our calculations thus predict that 
the As vacancy in InAs yields only shallow donor levels in 
the gap. 

We can estimate the energies and electronic occupancies 
of levels in the gap produced by the various defects of Figs. 1 
and 2 in a similar way. We found above that the surface As 
vacancy produces no deep levels in the gap Ideep being de¬ 
fined as bound as a result of the central-cell '^ntial) and 
instead gives shallow donor states near the co .uction band 
edge. Similarly the neutral surface In vacancy produces only 
a deep level occupied by one electron and one hole near the 
conduction band edge, at approximately' 1 0.3 eV The sur¬ 
face antisite defect In As produces a dei“> level m the gap at 
approximately 21 0.05 eV, near the v lienee band maximum, 
which, for neutral In. is occupied by two electrons. Surface 
and bulk As,„ produce doubly occupied denor states near 
the conduction band edge, that, within the theoretical uncer¬ 
tainty, 5 could be either shallow- or deep (at ~0.65 eV, above 
the conduction band edge, for the su-face, producing shal¬ 
low donor levels in the gap). 
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Fig 2 Deep levels for ihe As 
sue at the InAs! 110) surface 
(solid lines) and in bulk InAs 
(dashed lines) 


III. SCHOTTKY BARRIER HEIGHTS 

The energy levels of the native defects are relevant to trie 
Schottky barrier problem According to Bardeen's theory of 
Fermi-level pinning (in simplified form) the bulk bands bend 
so that the Fermi energies of the surface and the bulk align. 
The band bending forms a Schottk; r*.: ner. For n • 'ype ( p- 
type) InAs, the surface Fermi level is relieved to bv deter¬ 
mined by native defects at the surface, and lies near the level 
to be occupied by an e- ’ra electron (hole). 

For n-ln As the Scnotiky t, jrr.er height is approximately 
theeneigy of the conduction band edg rdativ -tothe.owest 
empty surface defect level —the surface Fermi level, Assum- 
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Fig 3 Schottky barrier height 6 e as func’ionofalloy composition ,t for Au 
contacts to n-type AI.Ga, . ,As, GaAs,.,P,, In,_,Ga,P, and 
In,_ x Ga,As The experimental data are those of 1 S Best, Appl Phys. 
Lett 34, 552 (1979) for AI,Ga, _, As, W G SpitzerandC A. Mead, Phys 
Rev A 133. 87211964), and D A. Neamen and vV W Grannemann, Solid 
State Electron. 14, 1319 (1971) for GaAs, .,P„ T F Kuech and } O. 
McCaldin, J. Vac Sci. Technol. 17, 891 ; 1980) for In, _,Ga,?, and K. 
Kytyama, Y Mizushima, andS Sakata, Appl. Phys. Lett. 23,458(1973] for 
In, . ,Ga, As. For this alloy, the data of H. H. Wieder, Appl. Phys. Lett. 38, 
170 {1981), for metal-insulator-semiconductor structures, are also shown. 

ingonly native surface defects (i) In A4 , (ii) As,„, (iii) V Ai (As 
vacancy), or(iv) V m , the Fermi level isli| near the conduction 
band edge, (ii) near the conduction band edge, (in, .-.ear the 
conduction band edge, or (iv| at ~0.3 eV. If the concentra¬ 
tion of F ln at the surface is less than the concentration of As 
vacancies plus half the concentration of As, n , the As, n and 
levels compensate the level—sotha, the surface Fer¬ 

mi level lies at the conduction band edge. Thus, normally, 
the surface Fermi level of /i-InAs is nearly at the conduction 
band edge, the Schottky barrier height is approximately 
zero, and the semiconductor/metal contact is, by definition, 
Ohmic. 

For /7-In As, the Schottky barrier height is approximately 
the energy of the surface Fermi level for holes relative to the 
va'ence band maximum. The surface Fermi level for holes is 
(i) near the valence band maximum (~0.05 eV), (ii) near the 
conduction band edge, (m) near the conduction band edge, or 
(iv) near ~0.3 eV (slightly less than the 0.42 eV band gap) for 
In Vs , As,„, V M , or K,„, rerpectively. Under normal circum¬ 
stances we expect the As ;il and F A4 defects to compensate 
F ln , causing the surface Fermi level to lie nearly at the con¬ 
duction band edge. Hence, p-InAs should have a Schottky 
barrier height of approximately the band gap. 

Mead and Spitzer 22 have reported a Schottky barrier 
height of zero (Ohmicl for n-InAs with Au contacts and a 
barrier height for p-InAs of approximately the band gap—as 
the theory predicts! 

IV. RELATIONSHIP TO SCHOTTKY BARRIER 
HEIGHTS IN OTHER lll-V MATERIALS 

We believe the defect primarily responsible for Schottky 
burner formation in In As, is In As , but that As,„ and K As 
play secondary roles, as discussed above Evidence support¬ 
ing the importance of the cation-on-amon site antisite defect 
.s available from the predicted alloy dependence of Schottky 
earner neights for Au on /z-tvpe semiconductors, shown in 


Fig. 3. (See also Refs. ! and 2.i The theory rather dramatical¬ 
ly mimics the data and their major and complicated chemi¬ 
cal trends for a wide range of III— V semiconducting alloys. 
(For p-type matenals, the predicted alloy dependences are 
less dramatic and quite different—and appear to be fuilv 
consistent with existing data.; 

Further evidence supporting the role of surface antisite 
defects includes (i) experiments showing that the burner can 
be "annealed” at a temperature characteristic of antisite de¬ 
fects, 21 but not at the vacancy annealing temperature/ 4 and 
(ii) expenments demonstrating that the concentrations of de¬ 
fects responsible for pinning the surface Fermi levels of n- 
GaAs and r>-GaAs are near!; equal 25 (see Ref. 30). 

This is not to say that any one defect is responsible for 
Fermi-level pinning in all materials. For example, in n- 
InP 2<w29 it appears likely 1 that reactive metal contacts pro¬ 
duce P vacancies and make the Schottky barner height near¬ 
ly zero, whereas nonreactive metals produce primarily 
antisites and Schottky barrier heights of ~0.5 eV. Extrinsic 
impurities, notably S and Sn, are also thought to determine 
the Schottky barner height oflnP under certain conditions. 5 

We speculate that the “cleavage-relaied defect" m 
GaAs 24,50 involves Ga A4 and that the “chemisorption-relat¬ 
ed defect” involves As 0l . 

V. RELATIONSHIP TO Si 

A similar picture, namely, Fermi-level pinning by Si dan¬ 
gling bonds at Si/transition-metal-sihcide interfaces, seems 
to explain those Schottky barriers as well.'’ 5 ' This work also 
helps to explain why calculations for fnc' surfaces can be 
used to interpret data for semiconductor/metal contacts. In 
reality, the defects responsible for Fermi-level pinning are 
not isolated point defects at an ideal free surface, but instead 
defects adjacent to vacancies, voids, or disordered regions of 
the semiconductor/metal interface, which are effectively 
“encapsulated” by electropositive metal atoms or other 
ttoms at the contact. These atoms are out of resonance with 
some of the semiconductor atoms, and function primarily as 
a repulsive potential that pushes the defect state (frequently a 
dangling-bond state) back toward the semiconductor Since 
they are out of resonance, they act electronically as pseudo¬ 
vacancies, mechanically “sheltering” the Fermi-level pin¬ 
ning defect without greatly affecting it electronically. 10 The 
defect level is "deep-level pinned" 9 by these encapsulants— 
explaining why different contacts produce similar Schottky 
barrier heights. The paradigm for such “she lenng” is an 
interfacial vacancy sheltering a Si dangling bond at a 
Si(l 1 l)/NiSi ; (l 11) interface, illustrated in Refs. 6 and 31. 

Here it is important to realize that bulk point defects, spe¬ 
cifically bulk antisite defects, cannot explain the Fermi-level 
pinning data for GaAs, suggestions to the contrary 52 not 
withstanding While, for example, bulk As 0j appears to 
have a level close to the level required to explain the n-GaAs 
Schottky barner, this level cannot pin the Fermi energy be¬ 
cause (in contrast to the pinning level of surface As 0 J it is a 
donor —being fuily occupied when the defect is neutral. A 
deep acceptor is required to pm the Fermi level of an n-type 
semiconductor 11 Moreover, the fact that As Gj in the bulk 
has a certain energy level does not imply that it will have the 
same energy levei at the surface or at a GaAs/metal inter- 
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face. Surface and interfacial defects generally have more 
deep levels in the fundamental band gap than the same de¬ 
fects in the bulk, and the energy levels of surface defects 
typically differ from those of bulk defects by ~1 eV. u Thtsis 
the case because the //-like T : level of a bulk substitutional 
defect often lies outside of the band gap as a deep resonance 
in the conduction band; the surface or interface destroys the 
tetrahedral point-group symmetry of the defect and splits 
the T -, level, often driving one or more of the split subievels 
into the band gap. 

We therefore conclude that the following zeroth-order 
model provides a very satisfactory description of Fermi-level 
pinning and Schottky barrier formation for both III—V and 
group IV semiconductors: Various native surface defects 
(antisites, vacancies, and dangling bonds), or their complex¬ 
es, pin the Fermi energy at the semicc:.doctor surface. ' 7 The 
basic picture initiated by Bardeen, 31 and further developed 
and championed by Spicer, 34 ' 36 is thus found to be funda¬ 
mentally correct. The task of future theories is to work out 
the corrections to this simple picture due to, for example, 
work-function effects and the details of specific metal/semi¬ 
conductor interfaces. 
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The height of the Schottkv barrier formed at transition-metal/Si interfaces varies over a very small range ( - 0.4 eV) 
considering the wide range of electronic structures possible from one end of the transition-metal series to the other. 
Furthermore, the barriers are observed to form within a few monolayers of metal coverage, suggesting that the barrier is a 
property of the local bonding and that the true metallic states play only a minor role. A model has been developed to explain 
these facts in terms of the Fermi-level pinning mechanism of Schottkv barrier format! >n. The physics contained in the model is 
that of a Si dangling bond sheltered from the transition-metal-silicide by an interfacial vacancy. Since (i) the dangling-bond is 
sheltered from the metallic-silicide and <li) the atomic energy levels of the transition metal are out of resonance wi.h Si. the 
dangling bond (which forms a level in the Si band gap) will be only weakly perturbed by the silicide. Thus this interfacial 
dangling bond can pin the Fermi level at nearly the same energy for all the transiiion-metal-silicides. A tight-binding 
calculation of the electronic structure of this defect at the NiSi./Sidll) interface has been performed for an infinite interface 
using the transfer-matrix technique. The results of this calculation are described in terms of a very simple molecular model. 


It is a remarkable fact that the S.hottkv barrier 
heights for the whole range of Si/silicide inter¬ 
faces varies over a relatively narrow range of about 
0.55-0.87 eV in n-Si [1|. For a Si bandgap of 1.1 
eV. this places the Fermi-level in the lower part of 
the bandgap between 0.23-0.55 eV .,bo\.* the va¬ 
lence band edge. Here we argue that such barriers 
can be understood in terms of Fermi-level pinning 
[2] by a small concentration of Si dangling bonds 
that are “sheltered” from the transition metal by 
vacancies at the Si/silicide interface. This explana¬ 
tion. which differs substantially from previous the¬ 
ories of Si Schottky barrier formation [1.3.4]. uni¬ 
fies the understanding of Si/transitii.r.-metal 
Schottky barriers with the generally accepted 
model of Fermi-level pinning by native defects 


[5.6] at (110) interfaces between III-V semicon¬ 
ductors and metals [7] or other overlayers. A more 
detailed account of our work will be given 
elsewhere [8]. 

The following observations place severe con¬ 
straints on any theory of Schottky barrier forma¬ 
tion at Si/silicide interfaces: (1) The barrier heights 
for the silicides all lie within 0.4 eV of o e another 
for all the different transi.ion metals, stoichiome¬ 
tries. and crystal structures. (2) The barriers are 
observed to form at low coverages before a com¬ 
plete metallic silicide is formed, indicating that the 
local atomic bonding at the interface, rather than 
any collective interface property, determines the 
barrier [1). (3) There are only slight variations of 
the barrier height for different compounds of a 


0304-3991/84/S03.00 r - Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 




121 


0 F Sunkrv rt al, / Theory of Si/tranuium ■ mtial uhrule Srhnnky hurnrrt 


given transition metal (9.10) indicating that the 
transition metal itself, rather than stoichiometry, 
crystal structure, etc., determines the barrier. (4) 
The barrier heights for »* and p-type Si very 
nearly add up to the Si bandgap. This means that 
the pinning level must only be partially occupied, 
so that it may act as both an acceptor and a donor. 

We propose that these observations can be un¬ 
derstood quite naturally in terms of an interfacial 
vacancy which shelters u Si dangling bond ftom 
the effects of the transition metal, This dangling 
bond has only a weak link with the silicide and is 
only slightly perturbed by the tunstition metal $-. 
p-. and d-orbitals. and hence is insensitive to the 
large variations (on a leV scale) one might expect 
to occur when the transition metal is varied or 
when the stoichiometry or the crystal structure of 
the silicide is changed. 

To make these ideas specific, we consider a 
particular example of such a defect - the example 
illustrated in fig. 1 for the case of the abrupt 
Si/NiSi : (lll) interface. If the vacancy in fig. 1 
were replaced by a Si atom, one would have the 
bonding configuration determined by Cherns et al. 
(11). For the reactive systems under conside-ation 
here (transition metals “eating” their way into Si), 
a reasonable concentration of vacancies (— 10 u 
cm" 2 ) appears quite likely. 

Here we consider a very simple model of the 
electronic structure of the defect shown in fig. 1. 
This model is justified only by the results of the 
more complete calculation described elsewhere [8), 
but it reveals the essential physics of the problem. 

1 2 3 


Nt N. 



Fig. 1. An example of an irterfacial vacancy sheltering a Si 
dangling bond. Replacing the vacancy hv a Si atoii) gives the 
geometry of the NiSij/Si (111' interface determined b> Cherns 
et al. (11). 


In this simplified model, only four atoms arc ex¬ 
plicitly considered - those surrounding the 
vacancy - and only one *p* hybrid orbital per 
atom - which is directed toward the vacancy. Wc 
first take all four atoms to be Si (tetrahedral 
symmetry) and later change three of these atoms 
into Ni (C, v symmetry) to simulate the Si/NiSi, 
interface. 

Taking all four atoms to be Si. we construct the 
A, and T : states of the bulk Si vacancy: 

I A i( a t )> " i(i<r>o> + l£i> + 14>:> + l^j)). 0 a ) 

(T,(a, )> - (l/t/TI)(3|* 0 > - [* t > -1* ; > - |*,». 

(lb) 

|T 2 (e).l) - (l/i/2 )(!<£,) - |^,i>)• (lc) 

|T 2 (e).2> - (l/v/6 )(!<*>,) +1*,> - 2|*,». (Id) 

where the orbital is the hybrid orbital of atom 
/. The energies of the A, and T, levels can be 
described by two parameters t h and /: here w: 
have t h «■ is the orbital energy of an sp - ’ 

hybrid, and -/ — ($,|//|^) for i+j represents 
the interaction between two different hybrid 
orbitals. These two parameters represent effective 
interactions and are obtained by fitting to the bulk 
Si vacancy deep levels. The A, level is resonant 
with the valence band at £ Ai = t h - 3r. while the 
triply degenerate T, level lies in the Si bandgap 
and has an energy E T . c h + 1 . We list in table 1 


Table I 

The calculated A,- and T ; -symmeiric energy levels for the 
unrelated S> vacancy by several workers: the calculations are 
either pseudopotential (P) or tight-binding (TB): all energies 
are in eV. and the top of the valence band is defined to be the 
zero of energy; the Si bandgap is l.lcV; the two parameters r* 
and 1 are simply obtained from the A, and T ; energy levels (sec 
text): the important parameter is the energy of a single 
dangling bond and is found to lie in the lower part of the Si 
bandgap in all cases 


Type of calculation 

A, 

T, 

/ 


P 

TB 

level 

level 



Ref. 112) 


-1.10 

0.70 

0.45 

0.25 

Ref. (13) 


-0.60 

0.80 

0.35 

0.45 

Ref.|U) 


••1.10 

0.60 

0.42 

0.16 


Ref. (15) 

-0.55 

0.75 

0.35 

0.43 


Ref. [16| 

-0.% 

0.51 

0.37 

0.14 
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the A, and T. levels for three different pseudo* 
potential calculations J12-14] and two tight-bind¬ 
ing (IS. 16] calculations for the unrela.u'd vacancy 
in Si. From these levels the parameters t h and t 
can be extracted using < h - (£ Xi + *£ Tj )/4 and 
i - (£ Tj - £ A( )/4. Note that t h . which is the en» 
. ergy of a single Si dangling bond, lies in the lower 
part of the Si bandgap in all cases. 

We -text change three of the atorrts surrounding 
the vacancy into Ni atoms. We do this by raising 
the hybrid orbital energies of atoms 1. 2, and 3 
(see fig. 1) from t h to < h + V. where V * 5 eV [8] 
represents the (large) positive difference between a 
Ni and a Si sp ? hybrid orbital. The symmetry is 
now reduced from Tj to C Av , and the possible 
levels are of a, (o-like) and e (r-like) symmetry. 
The states of e-symmetry evolve from two of the 
T ; levels of the bulk Si vacancy (the T ; (e) levels i" 
eqs. (lc) and (Id)), but are raised out of the gap 
roughly linearly with the potential V to become 
resonant with the conduction bands. Since '.he 
e-svmmotric level:* are not in the cap and are 
metal-atom derived, they play no role in pinning 
the interfacial Fermi level, and we will no longer 
consider them. 

The interesting levels are those of a,-symmetry 
which are admixtures of the |A,(a,)) (eq. (la)) and 
the (T ; (a,)) (eq. (lb)) levels of the bulk Si vacancy. 
However, since the Si and Ni hybrid orbitals are 
no longer degenerate, perturbation theory shows 
that the effective interaction between Si and Ni 
hybrid orbitals is reduced from t ( - 0.4 eV) for the 
bulk Si vacancy to r/V (~ 0.03 eV) for the in- 
ierfaci.il vacancy. A schematic energy level dia¬ 
gram for a,-symmetric states of the bulk and 
interfacial vacancies is shown in fig. 2. Note that 
because Ni (or any transition-metal element) and 
Si are “out of resonance”, a level is formed in the 
lower part of the Si bandgap which is tied to the Si 
dangling bond energy t h and is relatively insensi¬ 
tive to the transition metal as long as we have 
V (. This simple model leads to the important 
conclusion that for various transition metals, in¬ 
terfacial Fermi-level pinning positions are nearly 
equal to. but slightly below, the “defect pinning 
energy" of a single Si dangling bond. 

We briefly mention the more rigorous calcula¬ 
tions on which the simple model is bused. A 


c owccciion 



•— C -3«t/ v ) 


b 


Bui* Si vacancy 


Interfocioi Vccancy 


Fig. 2. Schematic energy level diagram of the a ( -symmetric 
levels of (a) the bulk Si vacancy and lb) the interfacial vacancy. 
In (a) the hybrid orbitals at i, lie in the lower part of the Si 
bandgap but interact strongly through t to produce the A, level 
resonant with the valence band and a 7. level in the upper part 
of the bandgap. In r*i the hybrid orbitals of Si and Ni are no 
longer degenerate and their interaction is reduced by t/V. This 
brings £T A( out of the valence band so that it now lies only 
slightly below the Si dangling bond energy t h . (The a,-symmet¬ 
ric representation refers to the C Jy group appropriate for the 
interfacial vacancy. Since C, y is a subgroup of Tj. the A, and 
one of the T, levels of the bulk Si vacancy are also a,-symmet¬ 
ric.) 


tight-binding calculation wus performed for an 
embedded cluster of a vacancy and three Ni atoms 
(including d-orbitals on Ni) in an infinite f.i host 
[8] using the Si tight-binding model of ref. [151. 
The Si dangling-bond-like level is found at 0.4 
The d-orbitals are found to play only a minor role. 
Since the J-orbital energies lie well below the 
Fermi level, they tend to push up slightly on the Si 
dangiitig bond, but with a greatly reduced strength 
because the d-orbital is not a nearest neighbor to 
the Jangling bond orbital and hence interacts with 
it either through a small second-neighbor interac¬ 
tion or indirectly via its interactions with the inter¬ 
vening Si atoms surrounding the vacancy. (The 
d-orbitals were taken to interact only with nearest 
neighbors.) More sophisticated calculations for an 
interface between semi-infinite slabs of NiSi, and 
Si have recently been completed (17) using the 
transfer-matrix technique [IS]. The tight-binding 
bands of NiSi, have been fit to the bulk bands of 
Chabal et at. [19], and the light-bir.Jing model of 
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Vogl et al. [20] has been used for bulk Si. Here the 
interfacial vacancy level is found to lie at 0.13 eV. 
Although the two calculations give slightly differ¬ 
ent results, and the estimates made for the dan¬ 
gling bond energy < A in table 1 differ by - 0.3 eV,. 
they all show that the defect “pinning" level lies in 
the lower part of the Si bandgap. Measurements 
for a Si dangling bond quite similar to the one 
described here [21] at the SiO,/Si interface show a 
level at 0.36 eV [22], As mentioned earlier, the 
interfacial Fermi' level for the silicides lie ap¬ 
proximately in the range 0.23-0.55 eV. 

Conclusion. The present theory is manifestly 
based on local atomic bonding and a localized 
defect, and is thus compatible with the experimen¬ 
tal findings [1.9,10] that the observed Schottky 
harriers form before the completion of a complete 
metallic overlayer. Since in this model the barriers 
are determined mainly by Si. the barrier is affected 
to a lesser degree by the nature of the transition 
metal atom, stoichiometry, or crystal structure of 
the silicide. Furthermore, since the dangling bond 
is occupied by a single electron, it can act either as 
a Conor or an acceptor - this leads to very nearly 
the same pinning position for both n- and p-Si, in 
agreement with the measurements. This is to be 
contrasted with Schottky barrier formation on 
1I1-V semiconductors, such as GaAs. where previ¬ 
ous theoretical studies indicate that pinning is 
often due to surface antisite defect levels [6] which 
lead to different Fermi-level pinning positions for 
n- and p-type semi .inductors. 

O.F.S. wishes to thank the Arizona State Fa¬ 
culty Grants in Aid program for their support. We 
are grateful to the US Army Research Office 
(ARO-DAAG29-83-K-0122) and to the US Offiee 
of Nava' Research (N00U14-82-K.-0447 and 
N00014-7"'-C-0537) for supporting this research. 
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Effects of diagonal Anderson disorder on x-ray emission and photoemission spectra 
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The effects of diagonal Anderson disorder and of fir.a.-state interactions on x-ra> emission and photoe- 
mission spectra are evaluated in a change of mean-field model. The disorder produces distinct sideband 
features on the x-ray photoemission spectra, but primarily broadens the emission spectra. 


1. INTRODUCTION 

In an effort to assess the combined effects of disorder and 
many-electron processes on x-ray emission and photoemis¬ 
sion spectra, we have numerically computed ensemble- 
averaged spectra for a one-dimensional Anderson model 1 of 
a conduction band in a metal. In this tight-binding model, a 
single energy level a, (having a random value between 
-D/2 and D/2) is associated with each site n, and there is 
a constant nearest-neighbor coupling P between adjacent 
sites. The effect of the core hole on the conduction elec¬ 
trons is simulated by « final-state (initial-state) interaction V 
localized at the site of the core hole for phe. uemission 
(emission). There are a finite number of sites, at d the 
many-body states included in the calculation are the low- 
energy particle-hole pair states created by the sudden 
switching on or off of V. The model is identical to one em¬ 
ployed earlier for a discussion of absorption spectra 2 and is 
a change of mean-fie'd model. 

We find that the emission spectra, like the absorption 
spectra. 2 are primarily broadened inhomogeneousl.' by the 
disorder, but that distinct spectral features arise in the x-ray 
photoemission spectra (XPS) associated with specific en¬ 
vironments of the core hole. 


II. MODEL 

For x-ray photoemission, the initial-state many-electron 
Hamiltonian ts 

H,~ 2A, - 

where h, is the Anderson one-body Hamiltonian: 
h - )(«I + P\n )(n + 1| +0|n - 1 )(/i I . 

Here, P is a constant and a„ is randomly distributed 
between -D/2 and D/2. The f.nal-state many-electron 
Hamiltonian is 

/»'«- In. 

i-i 

where It,' is identical to h,, except for the tight-binding ma¬ 
trix element at the sue of the core hole —which has an addi¬ 


tional electron-hole interaction term V < 0, The initial state 
1/> is a Slater determinant of the N lowest-energy single- 
particle orbital eigenfunctions \<b) of A, and the various final 
states |/V) are determinants of iV eigenfunctions k) of A‘. 
The x-ray photoemission spectrum for photoeltctrons of en¬ 
ergy £ is 

/(£)« 2l(/lfv)| 2 5(£ + £ f ,-£,, 

where Ey, and Ei are the final- and initial-state energies of 
the conduction electron gas and £ cou the core-hole energy 
relative to the center of the conduction band. 

Similarly, the emission spectrum for photons of energy £ 
is 

*(£)- 2l(£vlA/l/)l : 5<£-£/ + £,,) . 

wnere A/ is the dipole operator Here, we have the initial 
state 1 /> being a determinant of \ f 1 k'<)’s, and the vari¬ 
ous final slates l£i-) corresponding to configurations 
described by determinants of .V |c )’s a.id one core orbital. 

C»,(R) iMR) <K.i(R) 

(<£►, ild'i) 

(Fv|A/|/)-A/ 0 U„.:liAi) , . 

(<i,..\|lAl) (d, vlO\ * ,) 

Here. (oid>) is a scaur proeuct, R the core-hole sue, and 
we have assumed that the core radius is negligible , 3 so that 
A/<> is a constant. 

We have the sum -les 3 

§~ m *(E)dE-Ms V|4,(R >! 2 . 

where the sum is over occupied orbitals of the initial state, 
and* 

f~J(E)dE-\ . 

The line -napes we display are ensemble averages (denot¬ 
ed by (i >)) over all core-hole sues ttypicully 1000 such 
sues), for example, 

*(£> = ■' V|(£i-U/!/>| 2 A/ 0 - 2 5(£-£, -£,.)}} 
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III. RESULTS 

Here, we display spectra for F- - 1, and with >3- --j-- 
The amount of disorder is specified 1/ th. parameter D (;e- 
call that the on-site energies a, range from -DU to 
+ £>/2)'. The calculations have been executed repeatedly 
for a single spin channel' 1 and for finite lattices with 40 sites 
and 20 electrons (a half-filled band). The core hole has 
been confined to one of the 10 innermost sites. We have 
broadened the calculateo . oectra by convolving them with a 
Gaussian, 5 for ease of presentation. Ensemble averages of 
the spectra over typically — 10 core-hole sites for each of 
— 100 different Anderson lattices have been performed. 

The peaked bottom portion of the emission spectrum 
(Fig. 1) for D "0 is a band-structure effect and corresponds 
to the band-minimum van Hove singularity 6 with its 
(£-£o)" l/J behavior above the bund bottom. The high- 
energy peak occurs at the Fermi energy and is as x-ray edge 
singularity 7 —a multielectron recoil effect. With increasing 
disorder D, the van Hove singularity is broadened, blurred, 
and cut off. and the edge singularity is weakened (as in the 
case of the absorption spcctra : ). Basically, increasing disor¬ 
der makes the spectrum smooth, broad, and relatively 
featureless. 

The XPS spectrum for D -0 has two peaks: a large one 
for recoil involving configurations with an electron in the 
bound-exciton state of the electron-hole interaction and a 
smaller one for configurations involving only band states 
(Fig. 2). (The separation of these peaks is approximately 
the energy of the Fermi level relative to the bound-exciton 
level.) Small disorder blurs this spectrum, until in the 
large-disorder limit (see Fig. 2 for £>-5) the site of the 
core hole is completely decoupled from other sits.. In this 
limit there are three types of transitions (Fig. 3). (i) Zero- 
recoil transitions that occur if the Anderson level on the 
core-hole site lies above the Fermi energy by mere than 
IF|. In this case, the electron gas cannot recoil because the 
site is isolated and the electron-hole interaction cannot pull 
the empty Anderson level below the Fermi energy. Hence, 
the XPS spectrum in this limit produces a peak at 
£—0. (ii) K-recoil transitions in which single- 
particle Anderson states on the core-hole are initially occu¬ 
pied and move down in energy by !F|, the strength of the 



ray energy £ for vauous disorder parameters D The solid line is 
for D=0, ihe dashed He for 0=0 2, the doited line for 0=1, 
and the chained line for L =5 



( E-tiw- € eorc )/ 2 | 1 


5.5 


FIC 2. X-ray phoioemission spectra (XPS) as a function of the 
emitted electron energy £ for various disorder parameters, a« in 
rig. 1. 


eiectron-hole interne.. n. This produces a peak at £ -ffw 
” tcor. — I ••"!. (iii) Ii term.uiate transitions, corresponding 
to an empty level above, the Fermi level, but within jk'l of 
it, being paiied down below the Fermi level by the 
electron-hou interaction. These transitions produce recoil 
of the electron gas at energy a - 11'I, where a is the diago¬ 
nal Andersor cne'gy or. the core-hole site. 

The larger (smaller) peak for D «• l in Fig. 2 corresponds 
to configurations with an elecron (nr electron) occupying 
tae cort-hoie-site one-electron level that lies below the Fer¬ 
mi level tn the final state. Perhaps the most interesting case 
is the highly localized limit (D— <*), in which case the 
XPS spectrum provides information giving (il the strength 
| F| of the electron-hole interaction (which is the splitting 
between peaks), and an estimate of the number of states in¬ 
itially below and above the Fermi energy (the ireas in the 
peaks at £ — *<o •* « CMe - V and fm + t eo ,„ respectively). 

Thus, we conclude that XPS spectra may be more sensi¬ 
tive to Anderson disorder than either absorption or emis¬ 
sion spectra. Ordinary diagonal Anderson disorder corre¬ 
sponds to randomness in the on-site mo.rix elements a,, 
and is not a realistic represeniamti of the disorder occurring 
in amorphous metals. (Such tfi-c der is better represented 
by randomness in 0.) Perhaps the best physical realization 
of an Anderson alloy is a multicomponent crystalline alloy, 
with the number of component., sufficiently large that a 
broad distribution of values fo. u* is achieved. We hope 
that tne present work will stimulate studies of such alloys. 

The results of the present initial .nvesngation are suffi- 


0/2-Emo* 


Zeio-rtcoil 



FIG 3 Energy-level diagram for me conduction band, indicating 
ihe three regions zero recoil, I recoil, and intermediate appropri¬ 
ate to the large-disorder limit, D — « end £ wil are the band 
extrema and is the Fermi energy r ur the half-filled band. I is 

me eleciron-h'«le interaction 




'30 


BRIEF REPORTS 


,6201 


ciently interesting that the authors have undertaken calcula¬ 
tions of the combined effects of multielectfon-recoil and (i) 
off-diagonal Anderson disorder, and (ii) binary and ternary 
crystalline alloy disorder. The conclusions of those studies 
will be reported soon. 
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Abstract—-The combined effects of off-diagonal disorder and electron-hole pair production (the X-ray 
edge effect) are studied for a one-dimensional Anderypn model of a liquid metal with a half-full band. 


1. INTRODUCTION 

In this paper we report model calculationsof the X* 
ray absorption, emission, and photoemissior. spectra 
of a simple model for liquid metals. The model treats 
the many-body aspects of the X-ray transitions in.a 
change-of-mean-field approximation [1. 2], while 
simulating the disorder of the liquid by a one¬ 
dimensional Anderson Hamiltonian with off-diagonal 
disorder (3], We are interested in understanding the 
combined effects of multi-electron recoil and disorder 
on the spectra, A previous study (4),> which considered 
only diagonal disorder, found dramatic effects on’the 
X-ray lineshapes. However, this finding appears to 
be at odds with the experimental fact that X-ray 
spectra of metals change very ,little when the metals 
melt (5). While diagonal disorder is more commonly 
treated theoretically, it is realized physically only in 
alloys made of many different types of atoms. The 
disorder found in a liquid metal is best simulated by 
an off-diagonal-disordered tight-binding model: the 
diaeoi elements of the Hamiltonian are all the 
same (because the atoms are the same) but the off- 
diagonal matrix elements vary—because the bond- 
lengths vary (61. 

2. THEORY 

Here \ve consider the case of X-ray photoemission 
spectra (XPS). The treatment of absorption ;{4j and 
emission (7J is similar. The XPS lineshape is 

HE) = Z l</|/V)! 3 o'<£- h w - w + Er. -E,) (1) 

where hu is the energy of the exciting photon, 
is the core energy level, and the sum is over all,final 
states jFv) of the A'-electron Fermi sea. In the initial 
state |/), the Fermi sea is quiescent and described by 
the tight-binding Hamiltonian 

H, * Z h, (2) 


where h is the Anderson single-particle Hamiltonian 

A- s' W+ D(JI + l;)(y+ ill, (3) 

/-I 

and Ij)' is a localized single-particle state on the ;th 
site. The {#} are random numbers uniformly dis¬ 
tributed in the interval [-ri, -5]; M is the number, 
of lattice sites in the system. 

The final-state Hamiltonian is 

Hy - 2 r v.) (4) 

i»i 

where v is -the electron-hole in/.eracjion potential 
suddenly impressed, upon the ejectrotLgas by the 
removal (to pseudo-infinite energy) of a core electron. 
We assume that v is localized at the ftb site 

H/Xfl. (5) 

The initial- and final-state Hamiltonians are both 
sums of one-electron Hamiltonians, and so the wave- 
functions |/) and |FV) are Slater determinants of the 
single-particle eigenstates id) and Id) of A and h + u, 
respectively. The initial-state energy of the electron 
gas is 

E, - Z <, (6) 

where the sum is over the iV single-particle spin- 
oroitais j occupied in the initial state, and we have 

Aid/) s </ld,). (7) 

The final-state energies are 

,Y 

Er, - Z (3) 
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Fig. I. The X-ray photoemission spectra as a function of 
the photoelectron’s energy £, The solid line represents the 
calculated spectrum fi/r J » -1/2. a constant. The range of 
d is (-1/4, -3/4] for the dashed line and (0. -I] 'or the 
dotted line. The photon energy is hw and the core electron 
energv is The electron-hole interaction strength is 
r- -i. 

where we have 

(h - m.,) - ( 9 ) 

and the cth final state is the configuration (t>, 1 ; t>, 
2* • •; v, N). Spin can be neglected, because the 
recoil profiles 1(E) for each spin channel are indepen¬ 
dent and produce the total recoil profile when con¬ 
volved with one another (I). The matrix element 
</|Fv> is 


</|FV) 


(tfiWo) 

(0*i^*,i) 


(Oil^.,c) 


(<fil^..*) 


. ( 10 ) 




The calculations of 1(E) proceed as follows: (i) using 
a random number generator, the set {dr • 
and the Hamiltonian h (eqn (3" are generated for M 
= 40 sites; (ii) the eigenvalues < and eigenvectors i<p) 
are obtained by direct diagonalization of /«; (iii) the 
core hole site / is specified and h + v is diagonalized, 
generating eigenvalues «' and states lyf): (iv) various 
configurations {»•. 1; 2: ...; »•. .VJ o: .* electrons 

are generated for the vz.-vus final states, starting with 
the perturbed ground state the ground state of 
the electron gas in the presence of the hole or v) and 
its low-lying excitations; (%' the excitation energies 
£/. - Ei and matrix elements (/IFV) are calculated 
explicitly: trii tne XPS spectrum 1(E) is then evaluated 
(for a finite <tem of electrons, it is a series of delta 
functions) u,.v. broadened to appear continuous)", 
(vii) this procedure is repeated for higher energy final 
states until the sum rule 

j KE) AE = 1 (il) 

is adequately exhausted (vuii this procedure is re¬ 
peated for new core hole sites / (restricted to one of 

T The broadening iunctior is (2-r ; )' l,: exp<-\ : 2T ; ). 
with T = 0 08 


Fig. 2. The absorption lineshape as a function of the 
absorbed X-ray’s energy E. The solid line is for d fixed at 
-1/2. The range of d is (-3/4. -1/4) for the dashed line 
and (-1. 0] for the dotted line. Note the X-ray edge 

singularity (for d = -1/2) at the left of the spectrum. 

the ten central sites of the lattice) and an average of 
1(E) is performed; and (ix) the entire procedure is 
repeated for new random lattices {/3, • • '^ H | and 
an ensemble average of 1(E) is taken. Cons :rgcnce 
studies have shown that adequate convergence to 
identify all the major physical features of the spectra 
occurs for rV as 20 electrons. M = 40 lattice sites, 
and =100 choices of {/3» • * -du-i} (4). A similar 
scheme is used for calculating absorption and emission 
spectral lineshapes x(E). 

3. RESULTS 

Our calculated results for the XPS. a bsorption, 
and emission lineshapes are shown in Figs. 1-3, 
respectively. Taking units such that the electron-hole 
interaction is F * - 1 , we consider, for each type of 
spectrum, three cases: (i)d >* - 1 / 2 . which corresponds 
to an ordered one-dimensionai lattice; (ii) d randomly 
distributed from -1/4 to -3/4 (moderate disorder), 
and (iii) d distributed in the interval (-1. 0). This 
last case corresponds to extreme disorder, in that d 
* 0 corresponds to a completely broken bond— 
which, in one-dimension, completely disrupts the 
electronic wavefunction. 

In studying the X-ray spectra, one should keep in 
mind the corresponding densities of one-electron 



Fig. 3 The .'mission lineshape \l£) as a function of the 
emitted \-rax s energy /.’ The solid line is for j fixed a: 
— 1/2. The range of J is (-3/4 -1/4] for me bashed hr., 
and {-! 0] lor the douc_ line 
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Fig. 4. Broadenedt one-electron densities of states DU) vs 
energy < for & » -1/2 (solid) and for the oflkliagonally 
disordered, 10.000-atom, one-dimensional Anderson model 
with modest disorder <3<{-3/4. —1/4| (dashed) and extreme 
disorder di[-l, 0] (dotted). Any asymmetry with respect to 
< = 0 is associated with numerical noise. Note the appearance 
of a peak at < ■ 0. associated with delocalized states, for 
extreme disorder; all other states are localized. 

states. Fig. 4, which exhibit first an amputation of 
the van Hove singularities [ 8 ] for moderate disorder 
(0«{-3/4. -1/4]), followed by a general flattening 
and the appearance (for 0 t[-l, 01 ) of a peak at < ■ 0 
corresponding to delocalized states at the band center. 
These delocalized states are important, especially in 
X-ray absorption and emission spectra, because they 
overlap the core-hole site, whereas most of the other 
states do not. To be sure, the overlap of a delocalized 
state with a core hole is not so large as that for a 
state localized on or near the core-hole site, but once 
thorough localization has set in for < r 0 . the localized 
states significantly overlap only nearby sites—and 
much of the interesting physics involves only the 
core-hole site, its immediate neighbors, and the de¬ 
localized states. 

The XPS spectrum is asymmetric [9] and blumed 
by disorder, which broadens the distnbution of ener¬ 
gies at which the electron gas can recoil in response 
to the shock associated with the sudden creation of 
the core hole. For zero disorder, the XPS spectrum 
exhibits two peaks: a large one corresponding to low- 
energy excitations of the conauction-electron Fermi 
sea in which the bound state due to the electron-hole 
interaction remains full, and a small one correspond¬ 
ing to an excited Fermi sea with no elect.c-n .n the 
bound-stxte orbital. 

With - derate disorder. #<(-1/4. -3/4). the XPS 
spectrum :• blurred. For extreme disorder. *5t[- 1 . 0], 
localization is apparent for all states except ti'.se at 
the Fermi energy (See the density of states, which 
features a peak at the Fermi energy « = 0 associated 
with these states. Fig. 4.) In the localized limit, a 
recoilless peak appears in the XPS spectrum, at E 
" fi- - <core. where <„, c is the energy of the core 
electron. Perhaps such a peak can be detected u, 
heavily disordeied metals. 

The absorption spectrum for zerc disorder. 3 
= -1/2. has an X-ray edge singularity (10) at the 
low-energy threshold and cuts off somewhat at high 
energy, due to the conduction-band maximum. This 
general lineshape persists even for quite considerable 


disorder. /)<(- 1/4. -3/4). until for very large disorder. 
/3<{0. — I). structures associated with states localized 
in the disorder appear. (See Fig. 2.) 

The emission spectrum for zero disorder. 3 
- -1/2, has two characteristic peaks, one at low 
energy associated with the van Hove singularity in 
the band structure (8) and a second one corresponding 
to a divergent X-ray edge singularity (10, 11) at the 
Fermi sur r ace (Fig. 3). The densities of states are 
given, for reference, in Fig. 4. Recall that the con¬ 
duction band is half-fuil of electrons. 

With increasing disorder £<(-3/4. -1/4] the van 
Hove singularity in the emission spectrum is blurred, 
but the edge singularity remains. However, at ex¬ 
tremely strong disorder, the states not at the band 
center become localized (see the density of states. 
Fig. 4) and the emission spectrum has a major peak 
associated with the delocalized Fenni-surface electrons 
(whose wavefunctions overlap the core hole signifi¬ 
cantly) plus additional structure associated with lo¬ 
calization. 

In summary* ofT-diagonal disorder dees lead to 
localization of the one-eiectrnn states and to alteration 
of the X-ray spectra from those expected for ordered 
metals. In particular, both one-electron features (such 
as van Hove singularities) and many-electron features 
(such as the X-ray edge singularity) are affected. 
However, the disorder effects are mod.-st even for 
considerable disorder. jJt(~3/4. -1/4), ana do not 
lead to major new features until the disorder is so 
great. >?<(-!. 0), that bonds are rather effectively and 
irreversibly broken. 

Thus we believe that these calculations, although 
executed for a simplified one-dimensional Anderson 
model of off-diagonal disorder, provide a modicum 
of theoretical justification for the tact .hat X-ray 
spectra of liquid metals are jfieu similar 10 those of 
crystals. At the same um< ;lv caivdaions suggest 
that XPS experiments should ..•arch fat the >ecoilless 
peak found in the theory for the !”"«! of high 
localization. 
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Electronic states of the (100) (2 x 1) reconstructed Ge surface 
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We present calculations of the surface electronic state dispersion curves E{k ) of the (1001 (2x1) 
reconstructed surface of Ge, and compare them with recent angle-resolved photoelectron 
measurements by Nelson et al. We assumed Chadi's asymmetric dimer model of the surface 
reconstruction and performed our calculations using the analytic Green’s function technique, 
with an empirical tight-binding Hamiltonian. 

PACS numbers: 73.20.Cw, 79.60.Eq 


Recently, Lome success was achieved in characterizing the 
geometry of the (2x1) reconstructed (100) surface of silicon: 
Using an energy minimization technique Chadi 1 determined 
that an asymmetric dimer, Fig. i, was the most energetically 
favorable model of the surface geometry, and predicted its 
surface state dispersion relations E{k) However, Himpsel et 
al. 2 and Uhrberg etal? produced angle-resolved photoemis¬ 
sion spectra in disagreement with these first predictions of 
Chadi, 1 which had been made assuming the asymmetric 
diiner geometry and using a simple sp' tight-binding model 
of the surface electronic structure. For a while it was be¬ 
lieved that the asymmetric dimer model is not realized phy¬ 
sically. However, Bowen et al., 4 using the sp 3 s* model of 
Vogl et al.? and Mazur et al.? using a multineighbor tight- 
binding model, subsequently Demonstrated that the asym¬ 
metric dimer (2x1) reconstruction is compatible with the 
photoemission data, and attributed the original failure of the 
theory to the oversimplified rp 3 model of the electronic 
structure rather than to any deficiency in the asymmetric 
dimer geometry itself. 

Recently, Nelson et al? used angle-resolved photoemis¬ 
sion *o obtain the electronic structure of the (2x1) recon¬ 
structed* (100) surface of germanium Their analysis of the 
data led them to suggest that the reconstruction of the Ge 
surface is similar to that of Si, i.e., an asymmetric dimer. 
There are, however, no calculations of the surface state dis¬ 
persion relations E (k ) for Ge comparable with those for Si. 
Thus, we have extended the theory of surface states to Ge, 
assuming the same asymmetric dimer reconstruction a: for 
Si. 

We used the sp i s* tight-binding Hamiltonian of Vogl. 3 
The surface states were found by diagonalizing an effective 
Hamiltonian which was obtained by using the analytic 
Green’s function technique 9 and an evanescent wave meth¬ 
od. 10 We created a surface by orbital removal, 11 and ac¬ 
counted for the effects on the Hamiltonian of the reconstruc¬ 
tion-related bond-length changes by rescaling the 
nearest-neighbor interatomic matrix elements accoiding to 
the d ~ 2 law, 13,13 where d is the bond length. 

In comparing with tne experimental results, i. is neces ,.r\ 
to realize that the Ge; 100) (2 a 1) surface consists of domains 
of reconstru Mon in which the rectangular unit cells are ori¬ 
ented perpendicular to each other 7 (see Fig 2). Therefore, 
there is some ambiguity in determining the surface wave vec¬ 
tor for each experimentally determined state. Himpsel et at . : 


circumvented this problem when investigating Si by ro.ating 
their :ample in t plane in which the two domains were de¬ 
generate, thereby avoiding any ambiguity. Nelson etal? also 
rotated their sample, but in such a way that the resulting 
spectra do not correspond to a unique determination of the 
Brillouin zone. 

Our results arc displayed in Fig^ 3, and are labeled ‘‘A’’ 
through “F" for the path T toJ tcTir one surface Brillouin 
zone (Fig. 2) and “1" through "f ' for the path T to/’in the 
other Brillouin zone. The predicted surface states, as dis¬ 
played, are shifted down in energy by 0.5 eV (a typical theo¬ 
retical uncertainty) from their calculated values: Studies of 
Si indicate 14 that the Vogl tight-binding Hamiltonian pro¬ 
duces surface states of this group-I V semiconduc tor too high 
by ~0.5 eV, but otherwise provides a good semiquantitative 
description of the surface-state bands/T I* ). (It is possible that 
a more sophisticated 13 theory could reduc' this 0.5 eV un- 
-ertainty somewhat.) 

The Ge data of Nelson et al? are also g..cr, in Fig. 3. As 
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Fig 1 The i2x.l| asymmetric dimer le.onstruction of Si proposed by 
Chadi Ref li In treating Ge, we base res. aleo all lengths in proportion to 
2 45A/2 25 A, the r3tio of Ge to Si bond 'rngths The arrows indicate the 
relaxation of the - irface layer atoms from their ideal bulk positions to their 
reconstructed positions The plane of the assure i< perpendicular to the sur¬ 
face UF I and DOWN' I aresurfacc ator<s UP 1 beingdisplacedaway from 
bulk and DOWN ! toward ihe h. .. U1 2 and C 2WN 2 are subsurface 
atoms bonds, to UP ! and I 'WN I. icspeuisely and are assumed to be in 
their bulk portions Fur Si Pies are 1 92 X, abose me plane of the pap-r If 
one were io build a ball and suck model of tnisSisurt. e these sites would be 
repealed every 3 84 A in a direction perpendicular ;c tne piane of the paper 
In the [. lO] direction ihe surface layer aioms alternate beiween UF . and 
* - 1. thus ^.,Iy half the surface unii .e.l is shown here 
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Fig. 2. The two perpendicular Brillouin zones on the (100) (2x1) recon¬ 
structed surface, as discussed in Ref. 7. 


can be seen by their relative positions to the projected bulk 
states, all of the photoemission data are resonant with the 
valence band, except perhaps one point at the valence band 
maximum at J. The following features of the data appear to 
be adequately explained by th * theory: 16,17 The five high- 
energy points are associated wi.h the resonance labeled F 

eV 



Fig 3 The calcuu-ed surface sta' -nergies£ (in eV) vs surface wave vector 
k (The states are shifted downward by the theoretical uncertainty, 0 5 eV, 
as discussed in the teat) Weak hybridizations at level crossings are neglect¬ 
ed 'l he iheory for the; wo perpendicular domains is superimposed for com¬ 
parison with the phoioeinission data. The f to J states arc shown as 
chained lines and are numbered The r to J to T states are shown as solid 
lines and are lettered. The latter set of curves is symmetric about J The 
isolated points with the error bars are the photoemission data of Nelson et 
al (Ref. 71. Tne maximum energy of the lunshiftedl projected bulk valence 
band » H ge is displayed as a dasned line for reference purposes (All states 
below this line in the figure are rtsunont with bulk states i 


I which is degenerate with 6 at F). The lowest-energy point is 
assigned to 5, D, or E. The ten mid-energy points are asso¬ 
ciated with resonance 6 and perhaps somewhat with E. The 
remaining point, at T, is associated with either C and 3 or D 
and 5 (see below). 

We have also determined the eigenvectors and charge den¬ 
sities for each of the resonances. For the most pan, in those 
regions of the Brillouin zone for which experimental data 
were obtained, the charge distribution is centered primarily 
on the “UP 1” site (see Fig. lj. Resonances F and 6 are pri¬ 
marily UP 1 everywhere in the I' illouin zone. The charge on 
E is mostly on the UP 2 site a - /"but shifts to the UP 1 site 
after crossing the D resonance. D is largely U? 1 everywhere 
except near its minimum erergy where it is mostly “DOWN 
2." 5 is primarily UP 1 near /"and shifts to DOWN 2 about 
one-third of the way across the zone. 3 is mostly UP 2 in 
character throughout the region for which angle resolved 
photoemission spectra were obtained, shifting to predomin¬ 
antly UP 1 and other character below — 1.7eV. 1,2,4, A,B, 
and C have significant charge on all four sites UP 1, UP 2, 
DOWN 1, and DOWN 2, with the relative tmponance of the 
various sites changing with k. 

These results lead us to suspect that the resonance ob¬ 
served at — 1.3 eV for T is due to the D or 5 resonances 
rather than E or 3, since their charge lies primarily on the 
surface, whereas the charge for E and 3 is on the subsurface 
layer. If this is so, then all the observed data can be associated 
with layer-1 surface resonances such that the charge is con¬ 
centrated on the UP 1 site (which is farthest from the bulk 
and therefore is most easily observed). 

Nelson ei al? gave a qualitative interpretation of their 
photoemission data that is similar to ours; however, they 
attributed the two bottom states near T as arising from the 
same resonance, whereas we find each arising from separate 
resonances. Both they and we agree that the ph icemission 
data come primarily from two resonances passing through 
the zone, but our work indicates that these resonance, are 
from differently oriented domains. Moreover, we predict 
other, perhaps weaker, resonances, as shown in Fig. 3. 

The dispersion in ou- - curve*- is qualitatively consistent 
with the photoemission data, but the gap near 6, E, and F at J 
is too small by a factor of 2. Given the simplic.ty of the 
model, this is adequate but not absolutely conclusive agree¬ 
ment between the 'h-ory and the data. However, we plan to 
explore the sensitivity of this gap to the amount of asymme¬ 
tric dimer relaxation, m the hope tli_t r. can be used, m con¬ 
junction with experiments and total energy calculations, to 
determine precisely the surface geometry’ of the Ge (100) 
(2X 1) surface. 18 

In conclusion our results lend support to 'he hypothesis 
that the (2 X II reconstruvted i HX); surface of germanium has 
the asymmetric dime; geometry, with relaxation roughly 
comparable with that of Si. 
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Localized Perturbations in Semiconductors. 
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1. - Iutroilucliou. 

In these lectures we outline n simple bur theory of electronic stnlcs 

associated witli localized pent I’buticuts iii semiconductors. The basic problem 
we consider is tbe ■ deep-level problem «, namely predicting the point-defect 
energy levels that lie near tie* middle of the bund gup of u semiconductor. 
When we begun work on this problem, a deep level was deilncd ns a level that 
was not shallow, namely one more than 0.1 oV from the nearest band edge—a 
level that could not be thermally ionized at room temperature. (Thar definition 
lms since been revised: see below.) Our own interest in the deep-level problem 
resulted from data of Wolford and Street man for the 2T impurity in GuAs,_,F, 
alloys [1]. This impurity appeared to be shallow in Gar, having a binding 
energy of only := ll meV, even smaller that, the 33 moV effective-mass theory 
binding energy of the shallow donors S and So. However, it became a genuine 
deep level in the alluv for .r sz 0.3 and merged into the conduction band ns a 
resonance for x< 0.22 (sec fig. 1 (2, 3]). Thus the N impurity level was appar¬ 
ently shallow (for .r ■■ 1), deep (for .r :s 0.3) and no level at all (for ./•< 0.22) 
as one varied alloy composition x continuously from Gal* (.r = 1) to GuAs 
(x - o). 

1*3. GuA#i_,l’j. - The alloy host On As^l', has a band structure that is 
well described by the vlrtual-cryslal approximation [*fJ ami varies cmitimumsiy 
from the direct-gap band si met ore of Gu As (with the conduction hand minimum 
at F =■ (0,0.0) in the ilriliouin zone) to the indirect-gap structure of Gal’ 
(with the conduction band minimum m-ar tin* .V-poiut: (2.*t : '« 4 )(1, 0)) (see 

Jig. 2). The band gap ni GaAs is in ihc infra-red. Pure fbi-As would emit such 
light because ihc baud gap is direct, and the magnitude of the momentum of 
a therinalized electron-lml- pair, '//, — k u ' can bo equal to that of the emiH-d 
phntmi, 2.7 /.. which is essentially zero on the scale uf the lirillouin zone, in 
contra si. Gal' has ait indirect-gap band structure, and so a *. !."*r:i tali zed con¬ 
duction electron has a sismiilcattily ilifTei.-uv wave* vector from a ihertualized 
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Fig. 1. - Illustration of tin* dependence/ of shallow and deep impurity levcds on alloy 
composition x in GuAs,.,?, alloys. iifier ref. [2, a]. Tlio zero of energy is lb.- 
valence bam! iiwxiimiui. Tic- direct conduction band edge i» F, and tbc indirect edge 
it X x . The X and 0 deep levels are denoted by solid lino. Tlie shallow levels of S 
(or Se) arc denoted by dashed lines. Note that the direct-indirect cross-over occur* 
for x x 0.4S and that the shallow-level binding energy is larger in indirect material 
(because the eflV.Jre mass is larger). 


hole. Hence puro GnP cannot emit light even though its band gup is in the 
g m . n _ n highly visible part of the spectrum. The alloy has become, techno¬ 
logically imvortant, bemuse, for r sO.J, the band gap lies in the risible 
(red), but the band structure is hi ill direct—hence this material Is employed 
in red light-emitting diodes (LKDs'. 

l'g, Cnlmiiu V xilc in,! iii’ilii'H X, (), S /mil Se In fin A*,_ r J’,- - To fubrieate 
a light-emitting dhnle (lint emits in the yellow or the green from these aJh»ys. 
one needs u source or sink of crystal mmuetitum. K'x itbr0,1(1. u. u). so tlmt 
the selection rule — It,, ~ K *s u eun be satisfied. Impurities r.m supply the 
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►vcve vector k 


Fi". 2. - Electronic energy baml si met lives Eik) ol GnAs ami Gal 1 from L to F to X 
alone die ()uu) (i.c. F to .V) anil (111) (f.r. F lo L) directions of the llrillo-.iin zone, after 
.M. L. I'oims ami T. K. llr.icttTKintSKi:: Pliys. lUc.. 141, 7s!) (IN'me that the hand 
gap of Ga.\s is direct lmt in the infra-red; Ga? has an indirect gap front the valence 
hand uinxiniiiniat F to the conduction hand uiiuitiniin at A'.iu the visible region of 
the spectrum. 


needed niomennjin. with the impurities most likely to cecitr mi the column V 
site of GoAx,_4' f being X. 0. $> and 5>e. Ironically, two of these impurities. 
:> and tie. produce xhullow levels in the band gap of GaAs^l'i that lie dose 
to the conduction band edge and follow rite edge a> the composition varies. 
But two do not. Oxygen lies several tenths of an eleevronvolt deep in the band 
gap of GaP and its energy level decreases linearly as ./■• decreases—it is a genuine 
deep level by all definitions. The behavior of X (with respect to the valence 
band maximum) is especially interesting: in GnP it is apjmmitly shalhnc with a 
11 meV binding viertry. ami. with decreasing alloy composition .»•. .t.» energy 
level decreases linearly, similar to the oxygen deep level, becoming « g-uuino 
deep trap (by the old detinitimt: mm- that: n.l eV from the conduction liand 
edge) for .<• tz 0..1. At .»• = il.gg. however. the 27 level goes into the conduction 
baiid. In orher words. 27 appears to be shallow energetically for .<• = 1, is deep 
for .<■ » it..* and is a resonance for .r = n (see tig. 1). Moreover. the 27 level is 
unattached to the conduction band edge, and d£ d.r for this love’ is character¬ 
istic of a deep trap sin-li as 0. These facts led Us to believe that X is. in fact, 
a deep level whose energy aeeidentallv lies close to the conduction band edge 
in Gal* and becomes resonant it: GaAs—and focussed our attention mi 27 as 
ihe prototypical deep trap [7>], 


2. - The Yogi model of electronic structure. 

Tile fi.itmialiim for Iiii.eii Ilf uliet »e S.’i :!I dismiss in these |eelu ,- es is .m 
empiriee! i;g!it •binding theory oi electronie structure drwlovi-d by \ mu. 
ct ill. !C|. This iheory Ini' ilwee disiioM.ushii.g fe;'iiir*-s: ii It nropcih ripo sei.ts 
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llic chemistry of the x}> : bonding. because ii has a basis which includes one .v 
orbital and three ]> orl : ta)s at each atomic site {as well as one additional * 
orbital: .v°). ii) II iiroduees indirect-gap band structures bn ,<i and Cel* with 
a minimum number ol' basis functions, jive per site, (i'nre .vy/'-basis ti”lil- 
binding models do not: the extra *° orbitiil produces the indirect b.,ed struct lire 
by pushing tlie indirect conduction band niinimum down in energy), iii) The 
parameters of the Hamiltonian exhibit manifest chemical tlends that arecodilied 
in scaling rules: the diagonal matrix elements are related to atomic energies, 
and the oil-diagonal matrix elements are inversely propottional to <1-, the square 
of the bond length (Harrison's rule [7]). 

This empirical Hamiltonian was arriv'd at by Voiy. and Hj.u.M.u:xny alter 
ii groat dec! of labor and represents an attempt to simmtaiicoush describe the 
energy bands of sixteen semiconductors. The Yog) nude] drew much of its 
inspiration from Harrison’s bond orbital tm-de) ($], which was one of the lirst 
successful attempis to develop a simple Hamiltonian for describing chemical 
trends for many semiconductors—it described valence band structures rather 
accurately. A distinguishing feature ol the Yogi model is its ability to reproduce 
general features of the lowest conduction 1 ands as well. 

The sealing rules for chemical trends in the parameters of the Yogi model 
tire very important. Because ol them, the Yogi Hamiltonian can be generalized 
to treat inhomgentou* aemieondnetots—«-ven though the information oont.ined 
in the model’s parameters conies exclusively from the known cnergj band 
structures of homogeneous semiconductors. For example, if one atom is changed 
(c.tj.. one 1* In GuP is replaced hy » S’ atom), the matrix elements for the changed 
Hamiltonian can be tledtned by changing the host matrix elements according 
to the scaling rules. 

The basic philosophv ir * /?) space of cmjiirical tight-binding theory is 

similar to the philosophy lor ordinary psendopotemial theory <in A-spueci: 
remove the distant parts (in Jl-space) of the Hamiltonian and lump them into 
near-neighbor parameters that are determined empirically. 

Tight-binding basis nm.-tinm ’nhk) are mu acted from (unknown! localized 
qttasi-aU'inic orbitals ]nlR,) 

(1) | nhk) = y~- Y u lR t ) exj. f ik-R, - ik-v t ). 

i 

"here II = s. yi f . . p_. or .v® -Jn-i-ilies tie 1 lia>l' orbital. we li:»v«- h = a (alllMii) 
or /< = C (cation). k i- the Block wave Vector. /{, is ah aliinli -lie ill :: Zllii-bleliile 
structure, we have v A = 0. and r ( i.> the position of tin- ..uion ivlaiiic to the 
atiion. In this ba*i*. the ■»«-t-il!:: i <-<j li:i I inn reduces to the ,Vstclh 


(-*) 


(l? u ~ t(k/.)) !;/.] = o . 
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"lioro we have (symlxiliciillv) the P.locli stale 

(•■>) [k/.y = ^ \nhk){nhk\k/.'- . 

fj.fe 

Jn Die hibk) riirlit-liiinlinx' basis v<« 1 i:tve tin* Ji» .1 1» TI;tmiii>ini:i 11 matrix 
U = 1,2 . 30 ) 


r,n •*•**. >*>* 
i%»«. 


*»•,»•«. •* H •• J, 

• f <**,.<"►* J — H •• 

'* *• iV.vw, »*</,* ff, 

* Wr.«i ** «’«/.»*, 

h « fir. *■<, r*/.* 


. r.^4..*#>«* 




Hoi'« we have for k = (2.t/« 4 7a,) and' a t the lattice constant 
//»(£) = cos ( 7 7;,/2) cos (rzkJ-2) cos (nkj'2) — / sin (7fc,/2) sin (. 7 /;-,’2) sin (.7/.\/2), 
ffi(&) = _ cos (.7/.-,/2) sin (.7/,-./-) Sin (. 7 /;,.’2) - / sin (rr/,-,/2) cos (.-r/.-'i) cos (.7 /;./2), 
//.(/c) = — sin ( 7 /.','2) cos (. 7 /:.,.'2) sin (nk 3 l‘2) — i cos { 7 7.-,/2) .'in fxk.J'2) co> (.iLJ2) 
and 


//,(/:) = — sin ( rd ‘ il ' 2 ) sin (7 7 ;./ 2 ) cos (7/.'. 2! *f <’ cos (: zl .\ l ' 2 ) cos ( nk . J ' 2 ) sits ( nk -, 1 ’ 2 ). 
We have 

(saR'H\saR) - E(x. <i), 

(jxiR'.HijxiR) — E(p, . 11 . 

(■<cR'E\f:cR) = E(n, c ). 

(pcR\E]pcR) — E(j), c ). 

(^itR'.HU^nR) = £(.<*, </). 

(^rRlEl^cR) — /;(*•. r ). 
j J(va/? i 7 .veil) = 1 ’(*,«) . 

4 (;»,<ii?! 2 ? jyv-i?) = 1 ■(.(•../), 

■I (}‘,<‘R U i'.rJli — V(.r. //). 

-!(v<ijR // j>,cR) — r(.v«.jjr). 

I [ji r oR U'xcR. = l’(*c. j/«), 

I (x* iiRllIlpjcR) = y*c) 

and 

4 (p z iiR'l['x ; (R) = .s s e). 
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This is tin* 1 ct mV !I:imilti ;■> lie Used tlirnughmit the nrc'dit work. 
Tin reader should heroine f:i miii:: r witli it by working I In- foilowiig three 
problems. 

jPfoblrni J. Compute (lie energy baud structure at A = 0 of Ga]‘. taking 
your zero of energy at tin* valeiiee band maximum. Compare your results 
with fig. 2 of ref. f0]. Fer Gal* tile Vogl riglit-binding matrix ••lenients am 
J;(.v. ») St -{>.U 24 . £(]>. <I) = l.l-olt. 7 i(*. C) as - gJUTli. £(ji. <■) 4.1 

AV- (i) = K(a°. c) = r.isnn. i*(«. iv. •>■) - i’.J’ii*:. 

1’(.#*, i/) = .'i.KiOO, T*(vu. ]>c) = 4.2771. l'(xc.jtn) = <J.33 !*•>. V(x ,s u./ic) = J.U341 
and s u e) sss o.mViti. (For other seinieondtietors. »<■«• i-'T. (<•).) 

Pfnhltm 2. Compute the band structure at the .Y-point. A = (2.7« t ){J. 0. o), 
of the Brillouin zone. 

Problem 3. Write down the change in the Hamiltonian matrix. 1H, in the 
basis for a 27 atom replacing in GnP at R = D. Assume that the bond 
length does not change when 27 replaces 1* and that the matrix elements involv¬ 
ing remain unaltered (because *° simulates noulo. nl effects oi distant neigh¬ 
bors). 27eglect distinctions between the host basis orbitals \vlR) and the cor¬ 
responding impurity orbitals (in subsequent work, we >hall actually be using 
the impurity orbitals nr the impurity sire). .Show that the matrix i- 4 >'4 . ud 
diagonal. Suppose further that the diagonal matrix elements I* and of AiT 
are given by the Vogl-Hjalnnirson sealing rules £G] 

t«i«) F, = u.S (Hu. 27) -- t»’(v. P') 

and 

(Gb) r„ =s O.C(tr(p. 27) — !<•[}>. ?)) , 

where the atomic-orbital energies <r for 27 and P are (••} »•(.<. 27) = — 27i.7J3n. 
ii'iji, 271 = — ].*>.43$S. ir(s. J‘) = — iSdUg.’ and !••(/*. 1M = — ]im:.'< 44. Finally, 
Using ref. (t»). determine the numerical values of the detect potentials F, and 
F,for 0. S. Sound Teatid for If. >7. O and F. If you have worked problem 3. 
you have set up the Hamiltonian lor obtaining the deep levels of 27 in Gap. 


3. - The Ujeluiarson ./ »/. theory of deep impurity levels. 

3 J. Ihiiilituhrr /’i n,uii;x. — jo t be late l!l.*ill\ Ivotl.N .!»ld enlia bora tors tie- 
vcloped the ciiceiiw-niass thenry of shallow impurities ::i -einieondueior.- '••;. 
According to this thenrv. an impiiriiy such as > ^.uli-i '* n me ;nr As in f!.i.\- 
produces a dolio." eleeiro! that orbit-, the extra linden! charge • I S (relali\< 
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to A-') ill :i large hydrogenie orltil. 1 1 m* envelope wave function for which tisiii-> 
;i Srhrod ’ ugci equation 


(") 


((— h : , J//i r! ) J — (Ze\;r)]>/ = (E — £’/>/•, 


where ur‘ i* flic conduction band effective nia**. Z is rlio excess valence of tin* 
impurity atom with respect to the host atom it restores (unity for S on an 
As -ite in GaAs). s is tin* GaAs static <lielectrie constant, and E t is the 
energy of the Conduction baud edge (at k = 0 in GaAs). This effective-mass 
state lias a total wave function that is primarily a product of this envelope 
function and the periodic part of a Bloch function evaluated at the wave 
vector of the conduction band minimum (0. in]: it is made up primarily 
from one band (the GaAs conduction band, in this case). The effective-mass 
slate is hydrogeuie and virtually 1 (>■»*)„ hostlike. The impurity level is 
« attached# to the conduction band edge with a small binding energy of order 
10 im*V (13.C eV(wi-/w 0 )*/«» whore »i„ is the free-electvon mass) and fol¬ 
lows die edge when the edge moves as a result of externally applied pressure 
or alloying ;<•.//., alloying GaAs with GaPi. The shallow levels control the 
electr. al properties of the semiconductor, and, although the impurity potential 
in the central cell often deviates greatly (a few eV) from the Coulombic value. 
— Ze’/er, only the long-ranged Coulombic potential seems to have a significant 
effect on the shallow states. (This should be bothersome, because central-cell 
potentials of order 1 eV must produce otne effect on that scale.) Moreover, 
the 'hallow states are localized in /.'-space but delocalized in real space. 

The effective-mass theory account.' for many of the data for impurity level.' 
in the band gaps of semiconductors: however, it does nor account for many 
fact', including the following: i) some i.'Oelcctrnnie impurities, such as A' 
replacing P in GaP. produce level.' in the gap dC'pn*- the : >•: that their valence 
differences Z are zero, and ii) some level.' in the gap lie far (more rliau o.l eV) 
from a baud edge and are «dccp levels*. Early attempts to explain rho'O 
facts attempted ro modify the effeetive-ma." theory to produce larger binding 
ouergic'. 

A central point of the Hjaltnar.'Oii theory (ll.J’J] is rhat crcni hcterovalcnt 
'Ub'tnmiiinal impurity produces /**<//* *deep level.'* and .'hallow level-, and 
that the - deep levels* tin tint neecssnrilt/ He in the- fuinlnmciital binul hui 
mini l, »* vesumi nt tn'tli Ihe host ha mist. The de.-p and shallow states are two quali¬ 
tatively different ivpe- of impurity 'title' that coexist, but are rarely ob'erwd 
'intuit.Ilieoil.'ly. Deep level* are rout rolled hv the eenllal-eell potential, have 
w:. ■■ function* that are liu-.-ar coiiibinaiioji.- of wave luin-tioii* from many 
( - |o) Iti.Ni band-, are often antibunding in •■haroeier and are largely Im-tlike. 
The deep-level energies are often tinallaehed to nearby band edge* and do not 
billow ilie'll wlu-n they move a* a -'--'tilt of prc"iire oralloying. ]n-cp impurity 
'tale' are localizeit in real 'pare aiid de|or:>li/.t-d in /."-'pare. Tin- apparent 
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" Insulin" energy » of a deep love) relative to a nearby li.:i:il is <>fI <*ji large 
(tentlis of cY) in m.igninu'.e and can lie negative. W'licn a deep level f:,J.U in the 
fundamental liuml gap. t> can trap exeitoiis • •• charge carriers. ofien t-un.'iieing 
the uonradiative recombination of electrons ami lmles. 'J'lms ileeji levels tend 
to influenee the optical properties of svmieoi iliictots "Vei. at coi'eent rations as 
low as lftw/cm*. 

In these lectures, we limit ourselves to levels associated with .vp-’-homied 
substitutional impurities. (For discussions of interstitial /’-bonded impurities 
and transition metal impurities, see ref. [13] and [14]. respectively.) Thus, in 
the energy vicinity of the hand gap. for substitutional impurities in telraheclr.it 
seeondnetors. we expect exactly four deep levels to originate from the sp‘ 
h..tiding, three of which avo degenerate; a s-like level and a p-like trip:,* 
degenerate X. level. (.-i, and T. are irreducible rcpre'eiilaiions of the tet a- 
hedral group X t .) If these «deep levels » due to tin central-cell potential 
till happen to lie above the conduction ban*., edge, as in the case of GnP'.S,, 
(S on a P site in GaP). then the only levels its the gap are the shallow levels 
associated with the long-ranged Coulomb potential—and $ i' termed ashai'nw 
impurity because only its shallow levels are observed in the gup. If one of the 
deep levels due to the central-cell potential falls within the fundamental band 
gap. as with Gal* :0 r . then the impurity is te nted • ■'.•■•*p». But a central 
point is that both shallow and deep levels of the same impurity coexist (fig. 3): 
they are distmet (although deep lc-els near a band edge may bybridiz*. with 
shallow levels). Isoeleetronie defect', such as Gftl*:27 r . have no long-ranged 
Coulomb potential and hence no shallow level : all of ti eir defect levels (except 
possibly levels associated with a strain livid surrounding them) are *dc<.p*. 

3'2. Energy scales and the nature <>/ the- thenrii. - Before const met iim a theory 
of tb-ep impurity levels, one should fir't determine the important physics. 

To begin with, the bonding in semiconductor* is *}>' it. character, and a 
proper treatment of a localized defect state must account for this. Th«* .spectral 
distribution of the sp : bonds cover' ~ 2u vV. the combined w idihs of the valence 
hands and tb- lowc-i conduction band'. 

The defee: potenti..l in the central cell can be crudely estimated as the de¬ 
ference between the atomic energies *.f the defeel and the host atom it replace- 
—and is typically sc f elrctrnni j/x in luaamMuh—'if order ."» vV. 7 cY atid 
.1." • V for <, T7 and O pd, n.t tin- V site) in Go I i d 4 eV for ]' in Si. The fa< t 
that tin- eentral-eel' defe* • jmietr. \d is mi hrge should he < xtreinely pnzzlit 
C'pei ia!!y in the ea — of the shallow d<>noi - 3’ j;, ,>i and in GaP—hveuit.se }7,.. 
tine requires that a perlurhatuni vvr:.i*-lecti*-nvoji exhibit jiM-lfon:. seal* of 
order of vleei l i llVnlt . and the shallow implicit i*-' appear til't glance to exhibit 
eolt'ef]Iteliees nj tin eelilrill-evil dele* I pi*i<-::li.d oil oiiiv the llllillelect rmn up 
scale. Tin- resid :i inn of tin. dilemma In-' in the Suet thei rlit- shallow .inin.;- 
also produce (■ deep re'Oli..l ecs », (jltc 'l-li:e..li7ed 'I..1C' .|’ eliergif' tsf order ] cY 
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0 

snaUow attp 

Tlii, J. - Schematic illustration of tlte difference between * shallow* and *dc*op« 
*p s *bonded substitutional (donor) impurities, after ref. {.'!}. The shallow energy level* 
in the baud gap are dashed. Tho deep levels of .1, ,.-!ike) and T. (pdike; symmetry 
are denoted by heavy liues. In the case of a «shallow impurity * "the deep levels are 
resonances and lie outside the fundamental baud sap; for a «deep impurity •> at least 
one deep level lies within tin* gap. The lowest level is occupied hr the extra electron 
(dark circles) if the impurity has a valence one greater than the host atom it replaces 
(<■.?., S or 0 on a P site in GaPj. 


iiljuvo the conduct ion bund minimum: the existence of these resonance.- ha.*, 
been appreciated only ireemly. This notion, that impurities pioduce «dccp« 
levels above the conduction band minimum, requires a new dennition of * deep *, 
Tlie old definition was that any level in the fundamental band gap more than 
U *1 from tbt* nearest band edge was #decp*. Xow. following II.t.u.m.\i:son 
<‘t <tl., wo define a deep level as on.* whose physics is i-mil wiled by the rent nil- 
cell potential: cs a re-mlf. «deep » levels now may have very small (< n.i «*Y) 
binding energies (such as the X lev»*| in t»al') or may lie above tin* '•omlm tion 
liand edge with «negative binding energies*. resonant with the ho-t bauds 
(« deep re.-ouances»). Tlioy may also lie resonant' with tin* valence bands 
(binding energies greater than tin* band gap). 

In addition to ihi* cenira)-oe|] potent.ai. -ever:*! other plivsieal **t ,rt.s injlr. 
eoce deep levels on a scale oj a few tent! - of alio V. These ilirlmh* lalliee relax¬ 
ation a round t he defeel 11 .">] ami charge slab* split! ii.g jm. 17] oft he defer! h*v.*,\ 
the diUereuee line lo elerl I'oli-t-leel ri,|; illt erael lolls ill l)..* 5t“ .Ilnl urn- 
eleeiron energy level- in ,'>i). ]*’ui*(heruioi'e, the ('imloliih :•*»!«•!;1 1 :: 1 eui-ide the 
eeiii ral eell. — '/ 4 i • ,«)*. is ,il-o iif order ii.] eV I'm* i n,. 1 ii miii’li of I In* work we 
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disetiss. we neglect iili Mich eilVels i.f order o.| cY am! mi predicting 

t lie miiicnl Irrmlx in deep energy levels. from mu* impurity In si not lit*r or 
from trie host to another. Jly neglceii>>o these efteris. we uliiain a very simple 
thenry in which (In* defect potential matrix is diagonal (in a localized basis) 
and is localized In llie centra) eel) of i)ie defeel—because of I lie sealing rules 
nf Die Yogi iiainiltmiiiiii. 

The bund gap of a tvjiieal semieondneli*r is := 1 eV and studies nf d-i p levels 
are directed inward determining llie levels willi ai: accuracy nf < ».] eV. How- 
ever, tie band gap energy is not a seale of physical relevance to llie deep- 
impurity problem, because deep levels > wbellier « bmnid »in * be yap 01 ‘ resmianl 1 
are luiaftaebed in band edges. Instead lie band gap energy deiermiiies tlie 
scale nf ulrtM-tibilitji of most deep levels. A simple way in think about deep 
impurity levels is Mint I hey lie throughout I lie s-gticY range nf thc.vp" bond, 
but that only tlie small fine!ion of these levels that lies within the « window » 
of the band yap is observable by conventional means, lienee a complete 
description nf deep-level experiments on the scale of observability nf deep 
levels motives a theory with an aeeuraey of u.l eV nut of go eV, nr o..’ “i.. Xo 
contemporary theory is eapalde of such an aeeuraey: the best «cruraev achiev¬ 
able is a few tenths of an eV. Therefore, the goal of theory should not. be to jirt- 
diet fclu absolute eneryies of deep levels in the band yap. because this goal is pres¬ 
ently unattainable. Earlier, theories should be constructed with the intent of 
simply displaying the physios of deep levels, predi. ting chemical trends in data 
and predicting qualitative phenomena—such as suggesting the onditions under 
which ii deep resonance should descend into the lmnd gap and become a bound 
deep level. 

Because of the intrinsic limitations of comen.ponu? theory. Hj.vxm.uiso.n 
ft ol. constructed a theory of deep levels that considered only the central-cell 
imparity potential of the defect. The theory can he and has been modified 
to include lattice relaxation, charge state splittings and the long-ranged part 
of the screened Coulomb interaction, but the requirement of simplicity is best 
met with the Hjulmarson model. In fact, ilie model's predictions have turned 
out to be in reiliarlci.bly good agreement with the data. 

In ] AGO J.axxoo and LknCLAKT []$] predicted the dee]) energy level ol the 
diamond vataney using a simple tight-binding model. Tln-ir approach predicts 
deep levels in good agreement with the most recent calculations (Jf'-gG], and 
their tight-binding ideas provided an essential guide for the development of 
the Irjahnnr-uii! theory. The two elements that an- uii»'!:iu from that early 
work are i) an accurate trea»ine.*il <>i Ii the sji- charaeicr of the cheinieal 
bond and i In- indirect rondm' ion band struct ure a ml ii) a quant it ative pn-scrip- 
lioii for predicting the decn lew!.. <-i impiirilies as well vacancies, that i'. 

scheme jor deierii.-ininy :he deii-ei jieieiitia) ol all inipmily. (l-*or a vacancy 
the d.efeet pnt'-mial is inf mil fly ju-siine. ns shown by ]..\n\«»o ami ]j:v«i..\t:r, 
eaii'iny the delect latoiii* to be decoupled lroin the ho-’ by virtue •>: ihe 
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infinite-energy (lo!n>niiu:il<>rs in perturbation theory.) Suits. qn<Mit tight-binding 
theories (if deep impurity lewis m«*t with varying degree- of success. lint a 
significant improvement occurred as a result of the work of Yogi d til., which 
produced thc.vpV Ifainiltoniaii with manifest rhemieu! tennis in its parameters 
a ml with adequate conduction bands. 

3*3. Hjiilmarxni) theory of ilcey Irrels. - Tin* lljalmaison theory of deep 
impurity levels is a Green's funetion theory of the type proposed originally 
1 1 v Kus'itE and Sj.atek [-7]. The host ITamiltonian matrix 11" is tlie Yogi 
Hiuniltmiian. eq. (4). Because lattice relaxation and changes of bond length 
Jiave been neglected, the defect potential matrix T'. in the .\p\\ M basis localized 
at each site, is zero except at the impurity site and i.s diagonal at the impurity 
site: 

(S) (iihlilVo'h'R') = >),(',(• 

Here d is the Kroneeker delta-function and we have v = (1',. 1’,.. lj,. l' r . < i; 
V, ami T’, are given by cqs. (0). The Hamiltonian is 

(it) n = K" -f r. 

Because the defect potential matrix is localized, a Green’s function method 
is ttsC-ful. formally to find the impurity levels in a crystal of 2s unit cells with 
two atoms per cell and live orbitals per atom, one must solve by brute force 
a ln.YxlO.Y matrix equation. With a Green's function method, one need only 
solve a 4x4 matrix: the size of the defect rather than the size of the crystal. 
In fact, tetrahedral point-group symmetry reduces this 1 v4 matrix to four 
1 XI matrix equations. 

The Green's funetion matrix for the perturbed crystal is 

(in; 0(E) = (£ - H)-‘ 

and is related to the unperturbed Green's funetion 

( j i» o u {K) = (£' - in - 1 = X <k- i: u r« 

k) 

by Dyson's equation 

(I*-*) a - <; u .. 

(Yerifv i hi. by mull iplyim: on i \ •• left by K — 11" cud on tin- right by /,’ — II.) 
Tin* formal >ohniou oj In.i'ii'. equation is the matrix 

i I'm <1 [I - (/"r]-w;*. 
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which Ini,' nontrivial solution* at l In- eiivrjiic* determined hy the secular equal ion 

(14) dot |l-/»'" 1 *] = o . 

Tahiti;: matrix elements of the secular equation in tlie ha sis. we lind the 

eigenvalue equations for the m i.-levrj energy 7: 

(.1T7‘ = (.vD|fr'"j.vD) « v !(.vD •■![£ - £..] 

Ti. 

and 

(10) TT = {l>,D\<?a> r D ). 

Jiewritin;: these results in lerms of tlto local host *peitval densities 
and /£,(£’), \v<* have [US] 

CD 

07) r~«= pfdr^n/fr-r] 

—o 

;t:itl 

m 

(15) v;' - pji\rm(E’)i{E-r) 

—m 

with 

(is) Di(L) = («D : <)(r- H # )h»D) = T |()ii?.w./i ,A ir- r u ). 

IT 

To see how these results, eq*. (17) and (13). are obtained more directly, 
it is useful to take matrix elements of Dyson'* equation (12) in the bn’.Ji) basis 
and to consider the iminui'v site IR = D: we have 

(20) {'iD ff h'D) — hiD u D) — '^(iiD\G*t'D}v r {i'D' l G /• D •. 

where «. » and r ranyc over *. and }>.. llocacse Z/"i* in\iiriniit cider the 
operations of the tetrahedral point ai'etip T i . U 0 and (7 — /Z")” 1 are invariant 
operator'. Since the '•slate irahdnrnis accordin': to the .1, irredticihle repre¬ 
sentation of X i and the ]>■ stales transform accordin', to the .<■. ,/ and ; rows 
of the 7; representation. (//D <>"h’D, is diagonal in » and eijs. (J 7) and (IS) 
follow. 

The cicr^y K is always to he interpret* d as In.vim: all inlinitesimal jmsii.ee 
nna.aiii.irx i>:■ ri ni; this ;ircs the i-orieet hnimdaiy i •hdiiioiis fur the (ireeii's 
jiinclion. J lee,, a -*■ of this and tin- identity (.<• • hi,- ^ . 5 t ]/.»')—7n<)(.'!. "*■ 
have [l'S] 

G(I1) = -U: ~ 11 >*■)(£ -If). 


where ? denotes a prim-ijial value ami at., i is Dirae's delta-lnm tion. 
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Kfiu:itir»ns (17) and (IS) sire I lie central ei|umioiis of tin* 1 f j:ilin:irs<;ii theory. 
To solve tin* ill* itiii* needs !o I i rs t evaluate I lie spectral ucM'it ics ]f'{E') fin - I In* 
lio.-t. W'Iumi Du' Iliiiiiillnuiiiii 2Z" is ili;i.ir«»n:ilix<-<l 10 tied 1 In* !im-> K k} , 

till- overlap integrals (uhl r'Av.’- ;ir<* 1 Ik* components of the 11 oni i;i 1 1 eigen¬ 

vectors, Jn terms of these i|Unntilics, \\c have 

( ubR’h -= *Y~- exp [ih-(R i x\))\»hk\U/.' . 

Tlcnc-c we have 

T>l(E 4 ) = .Y-» Y \{M.ld'\-d(E’-E u ). 
u 

which run In* summed either using I In* I.cliin;inn*T;iuf method [J!>] or (lor tin* 
decpdevel encigy E in l!ir tumlmiieiital liiini! gap) Using I lit* >jK , ciiiJ-J»*»inr 
inotliod I3n]. 

In praeliee. rite levels i‘,,1 /) mid E Tf ( I",.) nr" rnlriiluU'tl l«y computing 
llir l'uiirlious 1"(.Z? ( ) mill r,(i' r ,) n.s follows.* i) ,a value* of E is selected. ii) tin* 
spectral ik'iisitirs jDUE') are evaluated, iiii tin* right-hand sides of «.*<|s, (J7) 
mid (IS) arc evaluated, and iv) F, and I", are detcrniineu from tlmse cqua’inns. 
Plots of E vs. T for .ij and 1\ states tlien give predictions of deep levels rs. 
defect atomic energy (sec* eejs. (C)). Tlie vacancy levels are the asymptotes 
£(F— co) of these curves. 

Problem 4. Compute HIT) for energies E outside the host band, in the "ti'c 
of a defect in a one-dimensional nearest-neighbor tight-binding crystal. (Hint: 
£• - /} Y [;!?)(;.' - 1 -| I? -f i)(J!|] t Vm V.IW . Compute the band struc¬ 
ture Ii\. Then compute (E^'E 1 ) = -V -1 Y (E — E.J~ l c.\p [///(I? — I?']]. To 

evaluate (Ii\G" T>‘) = (Jt — 7? ,, (7“'(i) analytically for energies outside of the band. 
u»e a contour integral over the unit circle.) ltcpeat this calculation for tin- 
defects on the P site in GaP. using first one special point [30] and then ten 
special points ’o evaluate the stmts over A*. You will obtain good n suits 
with ton special points. 


•1. - Qualitative physics. 

The • l mtUuttiee physics determining deep levels is depicted for rhe case 
ef (I.il'iN - ,. in tig. 4. alter | 111. It* this figure wc cuii'Mcr. for simplicity, only 
I i;-- s-starcs of the atom- (ami l lie .1,-.symmetric defect level) and note that 
the (I.i alou.'e energy t lies ahovi I he I* eliergv r v . When tllese liln wiili-lv 
sepa rated a I inn.s are I iron chi : o^ei her into a .*no|ei le. I he h'Vi-l* repel—residl ing 
in a lioiKiiig-.intiiiondiiic split111:u thai. in lowest order of pertarhaiion tla-on 
about ilie infinite-lai:i< e-eoiistant limit, is proportional to /-^(^ — f,.). where 
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r i.s tin- Ga-lo-l* transfer matrix element {::n<2 is about tin* same for oil semi- 
«*oi)(lin*| f>rs |7]i. Tin* iiU]>orliinl point i.s tint! 1 1m* boiiding-aiitibonding splitting 
i.s inversely |»r«*i»tii*ito tin* eneigv denominator r w — r,.. When i1ii*m* 
molecules an* brought together into a solid, tin* atitibotiding stall*.' prodnee 
tin* foiolni-tioii liaiid and 11..* bonding states yitdd tin* valence band, with the 
fnndatnooial band gap in liotwoon. 




rtyoerdofo (• 


atom motfcuo* soil'd cf/fct “moltiutt" 

Fig. 4. - Schematic ilhurration of the tjunlitatire physics governing <k*vp levels, 
alter lrf. (3.11]. See text. 

Now imagine a * defect molecule *• with :i X impnrty replacing om* of the 
P atoms. Its atomic energy is ~ 7 i*V lower tlutit that of J*. and so. when it 
interacts with a Go atom to form a . locale, the tv.r.lring bomlina-antibondinj.' 
splitting is smaller thal: for Ga and J‘. because tin- energy denominator f,„ — t s 
is ~ 7 eV larger than the denominator e 0t — f,** A> a result, the level in the 
"up (the deep level) eatt lie below the conduction band edge in the gap In 
fact. tig. 4 illustrates that the issue of whether a deep level is ► bound *> in the 
gap or «resonant » with the host bands depends primarily on whether the 
lmiii' are broad enough to cover up tin* deep level: that i». it depends on the 
anion*.t of bonding-antihonding splitting. 

.Sever;*.) feat tires of tig. 4 are worthy of special mention* i) The X deep level 
is derived front tin* Ga dangling-bond energy e ( . A and =s antibonding and hu*tiil.i 
(Ge-lilcei. not nnpnrirylila* iX-lifce). Tin* X-lihe h*v-i is ti.«* bonding /u/p*»d<• 
tri'i-l lying below the \ah*nce band: it is «*.i*etriea!I\ maetivc. being lull oi elec¬ 
trons. and is noi-nialh unobserved, iij The deep level is orthogonal to the 
hvperdeep level, iii) Tile deep level i> repelled upward by the hyperdeep h*'» 1 
h\ means of the bomiii g-antiboiniina level rejndsio: . iv> The deep I**m*I is 
o pinned •- to t in* Ga dangling-bond level and eani.'-t b<* pulled below it: Jinng*ne 
decreasing 1 he i lierg\ oj t he X level* N . reiat ive to r y li*e|n — — 7 «*V to ~ — 1 eV 
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(•i.vv”imi) nml tti) ~ — ldiiii eV (mi ideal vacancy): I In* deep-level cin*i , i;y 
will innvc* dinvii mily slightly. never liecouiiu:: «1 «m*ii«t llimi the (in ihmyliny 
bond nr ideal I’ v;tr;:in*y eneriry of t\. n . This is I In* nn-;iniuy of (• deep.level 
] > i: i i: i 1 ly »: j) fnjor rim ntjcx in tin ilrrji-lr-rrl potrntinl rrxiilt in on I/l minor rlmnijrx of 
tin ili-rji-lrnI . . rijif. or j 1 17i '* 1 I - 1. 

Tilt* deep-level ]ii:iniii" can In* illustrated l»v plot till.:: tin* deep level ill tin* 
<o,: 11 rx, tIn- defect potential 1*. wliidi (m-cordiii;: to tin* Yoj;l inci<U*}*> M-ulinr 
rules) is proportional Co (lit* diiiercnre in atomic cncrju'ts of (lie defect and 11:** 
host (I* mom;. This is done in t'm r . .7 for I In* .v-Iike .1, stales of dejects >nl»^ < i- 
tininy for 1‘ in (in]'. The curve E( V) is .siinilm' to n hyperbola. havin': the em-i-cy 
of a da d;inyiiny bond or a V vacancy ns its asymptote. Oi:e cun mm- tlmf 
7i(l'= zo) corresponds to ;t vacancy, because. as tlio magnitude of tin- denet 
]>otcntin 1 increases. tin* delect atom lu-ceim.*. h-'s ; ml less cnnph il io tin* host 
(recall dim iii perturbation theory tin* couplin': is inversely propiirtioirl to 
mi energy ilenoniinmor of order T) until ■for l’ = co tlit* defect is totally un¬ 
coupled. namely a vacancy |1S], Once one recognizes that the physics of deep 
levels results in a hypcrbolnlike curve E{V). the prohleni of predictin': deep 



iZ-.tnse ozna 

I_!_!_1_:_I_I_I 

-50 -tO -30 -30 -10 0 10 20 

aefez: oojc/ioai (e-v) 

Fitf. •*>. - Km-rjry k-\vls m iIn- nil yap. as calculated Ky ll.iALM.n:s**\ </ /(/.(IP, 
/•*•. defect piiicntial no .1, svmim-ii ie slates of dt-in-is • ■ u iLe J‘ sin- m toil*, alior 
ref. J:i], Nmp ihai, i: ilic ihenry is : ikcn liicr.dly \mh * <• allowances mr a ilieoiciiia! 
imc.i -1 l.oniy, the s defect i* pri-dii-icil in have a level iit die yap. jiisl sliyhilv 

l/eiuw I he uuiitlu. .inn li.iml etlye. Kspcrilliclllally 0 I- hunt'll lli.il S Is a >li„i|..u ilulinl ; 
lienee, one must make allnuances Inc the nneei laiiny m ! .■•• I henry and leenyni/.e that 
ill Cat-! till- deep |eVi-l Inc .> inilsl lie -liylil !v atm Vc I In- conducimii liainl III ilii Ilium in 
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levels reduces In predicting two numbers: tin- ideal-vacancy energy i'too) and 
Uk* threshold potential 1* T al which the resonant deep level passes into the .cap 
and ceases being a resonance. 

Figure I! illustrates very schematically the wave functions of deep levels, 
using only x-states. for sinijdieity. The host valence hand of (hip has a bonding 
wave function that is largely P-like, hut with a significant (Ia-like component. 



b) 

Fie. 0. - Schematic illustration of the wave functions in the (bonding, ol) valence 
and (antibomline. to) conduction bands of GaP(u»iuga tote model)and in the bondine 
(hynciuccp) and antibondme (deep) level# of N on a 1’ site in Gal*, alter lef. (8). 

When y replaces P. y i- more electroneeative and attracts electrons to it. 
A' a result, the bondine hyperdeep level lias a tt.tve fniidion that is overwhelm* 
indy y<like. with jii't a small (ia .■otnpuncni. The atilihondiite deep level 
is orthogonal to the 1 vperdeep h*v«*l, and >o has a t\tiv« function that is almost 
e.\< hi'ively (ia-like. with only a small y eom]>oni-u;. 

All of these ideas have beet: abstracted trout the Ujalniarsoti cl til. theory. 


5. - Evidence supporting the theory. 

1 In* theory of iljalmni *o <t nl. |ll.ie] has made literally thousands of 
predii riot.' of deep levels ano call .:ccoui:t for an extrcioc]\ laruc body of data. 
Here review a few rcpit-scui.ti ivc predictions of the theory. 
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5 I. Ware innrlinnx. - Figure T shows I lie mlt* of tin* deep-level wave* 

function of substitutional in si. «s a function of distance Ji from the S center, 
in comparison with electron unclear ilouhje resonance (EKIMMI) ilata (0I. 

XJi(* ESDOl; measurement., trive (lie cliar^e ilensity j»y*(Ji'): : at Si site adjacent 
to and nearby tin* S defect. The data do not reveal tin* phase of the wave 
function, ami so wv haw* plotted only the magnitude, even though tlie wav.- 
function itself oscillates rather rapidly, ^ote that the simple Hjalmarson 
theory is in excellent agreement with the data, for distances Jt out to the sixth 
neaivst-nei^hbor 'hell. Iteyond t his distance, the eiVeetive-mass wave function 
(which fails badly for small ]>) describes the uata well—indicating that the 
prC'ciit theory would have been in even more dramatic agreement with the 
data if a Coulomb tail. — r-trfor r > a l . had been added to the defect potential. 
This success is by no means trivially obtained, since some theories predict 
quite inaccurate wave functions for the deep level [31.33]. 



Fsc. 7. - The magnitude <•( the isotropic pan <u the wave function of a S' napuiity 
m •'si. as ,i fundi»<a of the distance l: (in A) lioin the impuiuy site, aftoi ref. (Slj. 
The *olnl triangles .mil i-in-h-s at.- derived fiotn ENT'"lf data of tef. f:s21: the u))**tt 
inancies and citcles a:e the imIciiI.iiii.iis ..f n*f. ! iil'ert iv.-ma*- theory is denoted 

l.e l In* da-heil In,., and ..pen -iptaie-. Tin* are the thenry discn.-ed in let. 


O g. Jl> rjt Irn l.\ m 11 -\" I rm,. /mil ml .\rmici‘iiilltrtnt.\, — Tl mu i i*f predict ioli' 
:!n- tlicorv proiboi*' .m* illustr..lcd in ng. >. when* the h-vels associated with 
‘"htiiiii \ detect- on ,i S -ite in ftlS are given. These iiupnriUes. which *.tu- 

21 • l:n.il.nji,h .s .1.1. ■ I.XXXIX 
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SJii.irlit naively expert to lie shallow acceptor*. are. with the exceptici; of X. 
deep levels predicted to lie well within tin* hand gap of filS, This is niolonln- 
edly one reason (but not tin* only reason) why (MS and many oilier Jl-VJ 
iitnteriuls eat not be dopedp-typt—tin- expected shallow acceptors are. in fai l, 
deep. The exception to this rule is X, which is predicted to yield no dee]» levels 
in the gap and to be ;; shallow acceptor level. Jntereslhuriy enough, in JinSe 
(another II-VI host). \\*u ct id. [3-1] have ion-implanted X. to find that it does 
nroduee a shallow acceptor level—as pre««o*ied by Koiuy.i.sin <7 <d. (35]. 


coaduetion band 


energy j 

X 


As 


Sb 


Iii 


valence ___ __ 

band shallow deep 

Fig. S. - Theoretical predictions of ref. [So] showing that the expected Mnnd.nd 
p*tyj*<s shallow dopants, except X, on the $ site in CdS produce deep levels in the* 
gap, after ref. [3]. 


5'3. /.’ft/V theory e/ polrni <1 eject*. - S.vNKEY ct "I. (3G1 have extended 

the theory of dc-p levels ux»oci..ied with substitutional point defects to pairs 
of sjr-boud.-d substitutional ile;\et>—v »: 1 1 physically transparent results. Tin- 
paired d-i.*i t . a * molecule * that has * molecular orbitals* n rresnuilding to 
rr-like tor **<y, metric) states and cr-iilce (or « ; -sytmner.iie) s’at**> t >ee riy. 0). 
The relevant » *ur) rtdike molecular orbitals are comp* M d **i 7’. ».ingle*d«*t*eet 
orbital? polam-d pesprm-ntilnr to the >nitn* ot the molecule and ha ’he same 
energies a< the iiiuglvololect p-lilte T - state*. The two p-lilte T- stales of the 
single defect that are polarized parallel to the spine of the molecule hybridt.ie 



Fig. 9. - .*eheii; :*.* iK..sU.;ln*i. of ’.ill* -j-lilo* < -syinaiet.n ln«i< il.it oil* d» and :I.< 
c-lihc slat** ot a detect p.iu. The '!<• - iioln.iie detee.i.*. < ole* denote '*<i.ii* -. 

mid plots*!;. Js denote ;<•»! o.s, :,:i.-* let. [a] 








z.oC.w.uko is .*):Mtrii.viH*CT(u:s 

with lii!- two .v-like .1, si,iii-s centered mi iJi<* dill'ercnl defect.* form ff-likc 
r-svmnietrie iiioIcimiI;; r srulcs. In i-«uitrji."t u itli tin*.7-likc stnlcs. ihoc hybridiz¬ 
in': ( 7 -iikc >l:ilc.s are siyiiiijcaiitly pert nrbcd by tin* pre*enec of i he mthhiI d-fci-t. 

Tlicir ..however. obey ::»i approximate interlacin'.' theorem. wiii«-1i 

iiirc.x I hill the «liioici'iil.'ir » levels hiti-t* ilie » atomic* .-I, ami 7 ; level*. 
(K‘ee;i)l licit i In* p-like 7... isolated-defect level decomposes into ;i u-like </, 
molecular level ]»o!s:rizv«l along tlie molecular spine plus two .7-like <-hv<l.*. 
lienee liotli .1, and 7. isolated-defect levels produce the same molcrtilnr /»,- 
symmetry < 7 -lilco stares of the pair. The interlacing theorem stales that ievel.* 
of the same symmetry, namely when perturbed, do nor cross the unperturbed 
level*.) Because of this interlacing theorem, it i* often possible to estimate the 
energies of the paired-defeet levels relative to the isolated-defect level.* to 
within a few tenths of an eV—without e.Veeiiriuir a calculation. 

Sa.\”Ci:v has developed these ideas ami applied them to the m*a rot-neighbor 
(spectator. o.wgen) pail's in Gal' (li*r. in), lle'has *houn that t lie isolated oxygen 
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level (/.<*. tilt* (Ga. 0) pair) cannot be driven into tin* conduction band by any 
electropositive defect on an adjacent cation site, but that it can be driven 
into tbo valence band byanv one <if the following imp..rities on a neighboring 
«a site: F, 0, Cl. Br. S, S, St*, nr I. 

5'-l. Surface dejects and SchaUkg-hiirrier height*. 

o'4.3. Core cxeitons tit' surfaces. Some of the best evidence sup¬ 
porting the theory comes from core exciton experiments, because, by the optical 
alchemy approximation or 7 ~ 1 rule [37], a core exciton is identical to an 
impurity atom [33]: for example, core-excited Ga is Ga plus a core hole plus 
an electron and (because the core hole havalmost the same charge distribution 
as a proton) is virtually identical to unexcited Ge, the atom immediately to 



A) B) 


Fig. 11. - Comparison of .1) experiment and ]i) iln-my for Ga site (110) surface erne 
exeilons in a) GnAs, /») GaSb and <•) Gal*, after ref. [30). J; r and ]' t denote valence 
and conduct inn band edges, The piopelU-r denotes the en.e exciton level. The hori¬ 
zontal lint- tt-nole the lower poriion of theiiuriii'icsuiface .-late ‘laud-. The theoretic:.! 
band gaps are :ippi->priate for 4 K, and lienee are larger than the experimental gaps 
obtained at roeii. ti nipcraiure. 
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it.s ri^itt in the periodic table. Thus core-cxeited Ga is a Gt* imjiiiritv and oore- 
excited Iii is Sit. Figures .ll.and.'.U show that the predicted spectra for core- 
excited Ga at. tiie (JI») surface of Ga-group \* compounds and for excited Jn 
at the* surface of Ingroup V semiconductors account for the data for core 


c) 

-Sr 

0.35-— 

o - ; v 

a) 

-4- 

0) 

—u~ 

Q.25 5* 

o — —. J* 


c) 

1.3-- 

""ft"* 

" n 
'•* ”0 ■- r ; 


S) 3) 


Fig. 12. - Comparison of a) experiment and U) theory for the In site (110) surface 
core cxcitous iu «) liuU, (•» InSb and c) Ini', after rex'. (39). 

excitons ar the relaxed (liO) surfac-s of these material- [30]. The theory 
also pi edicts a transition from shallow effective-muss excitou behavior to 
deep exeiron behavior for the Si ‘2p core oxciton in Si.Ge,.. alloys. Evidence 
of this bus boeti reported very recently by BtrxiiEr. ct al. [3S], 

od.2. hel'eets at surfaces. All Impurity al a surface has energy levels 
very similar to those of ;m (impurity, vacancy) p: :r. because the surface (in a 
nearest-HeighInn* tight-binding iimdel) can lie created by inserting a sheet of 
taealieics into the hull;, so that the impurity and the vacancy next to it form 
a pair whose energy levels are only slightly perturbe.! by the more distant* 
vaealieies of (he sheet. To he sure, one must account fur lattice relaxation ar 
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(Ik*, surface; nevertheless, tlie essential qualitative physics of defects at surfaces 
is thy same as for (defect., vacancy) pairs. Therefore, tlie iteeji levels of surface 
defects can he computed usiu*r eq. (H), and the basic ideas used for deep levels 
associated with substitutional defects carry over to the surface defect problem, 
where the secular--.equation is formally the same as eq. (J4i. but its evalu* 
ation is considerably more complicated due to the reduced symmetry of the 
defect. 

One point that should b< emphasized is that a surface is a lar.ee perturbation, 
and the deep levels ussooialed irilh <i surface impurity are Ubdy in li >■ si-coral 
tenths of mi eV distant; from the corresponding bulk impurity lerdx. Indeed the 
mtmlier of deep levels hound in the gap-may lie different for a surface defect 
from the number for the same defect in the bull:. In particular, impurities 
that are «shallow »in the bulk often produce one. or even two, deep levels in 
the gap when they reside at the surface. For example, a nearest-neighbor 
pair of P impurities in Si is predicted to produce a deep level, although isolated 1* 
is a classic shallow donor [30], 

5‘4.3. Schottkr-barrior heights. 

5M.3.1. Bardeen’s model of Fermi-level pinning. In 1947 B.usdkex (4<0 
proposed that the Sehortky barriers that occur at metal-semiconductor inter¬ 
faces are due to Fermi-level pinning t>y states at the interface. Stated simply 



semkoneLuctor 1 metal 

n-lype I 

surface 

Fi}:. Kl. - .Schema’ie illus; ratio: of band Wadi.or and £i'li<uiky>b.irricr formal ion in 
the lkinlcen monel, after ref. [o,. 
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fiir a degenerate ti-ty'pc semiconductor; tin* Fermi levels of tlie btilk semieon- 
duel or. the meliil iiud the seiiiirondiietor surface align iii eleetronie-e<|«ililiriunr. 
At zero temperature. the Fermi level of the seiuieomluetor surface is the level 
into which the next electron falls, ami,.if this is a hound deep level in the gap 
associated with a surfaee defect. charge will flow atidthe host energy hands will 
bond until rliis level aliens with tlio Fermi level of the bulk semiconductor 
(lie. 1:}). This causes a Sehottky barrier to form. 


5*4.3.-'. Spicerhs native-defect model. SluCEli and co-workers [41] have 
championed the notion that the Bardeen states responsible for Fermi-level 
pinning of III-V semiconductors are deep levels associated with native surface 
defects. In this model, the Sehottky-harrief height for ii-rype material is the 
binding energy of the surfaee deep level with respect to the eomluetion hand 
edge, (see fig. 13), , 


5’4.3.3. Allen’s theory of fjehottky-barrior heights in III-V semiconductors. 
Allen cl al. (42,43] have calculated the binding energies of deep levels produced 
■by various defects, native antisite defects in particular, at the (lib) surfaces 
of III-V compounds and ternary. III-V alloys. This approach followed an 
earlier suggestion by Daw cl «(.,(44] that Fermi-level- pinning by deep levels 
associated with surface vacancies might account for many Sehottky-barrier 



Fig. 14. - Predicted and observed Sehottky.bumVr heights in III-V alloys rs. alloy 

composition. after ref. (40]: • theory (GaAs>,-- experiment (An). The theory 

assumes Fermi-level pinning l>y a cation on an anion site at the Au/semicouducior 
contact. 

height data. The results of Allen's ealeulalions for deep lewis nssneiaied with 
surface catioit-on-anioJi-siie imimrities (4."», 403 are given in tig. .14, when- they 
are in remarkable agreement with the data. This simple theory, wlii'-li has 
In-on iliscussed in detail nFewhere (-l.’ij, is ca]ialde of e.\]d:iiniug tin •lerons 
once-puzzling experimental faets. Fermi-level pinning by aniisite defeets ac¬ 
counts fur the Sihottky barriers beiwevii mnireaelive metals and i -usl I1J-V 
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semiconductors. D;iniriin.ir bunds or extrinsic defects become important when 
reactive metals or special surface preparations arc involved (48). Sankky 
vi (il. [47] have shown recently that l.ardeeli's ideas ean he applied to Si as 
well as to the JII-V's: Schottlcy-harrier data for Si/transitioii Jiietal silieide 
interfaces ean be understood in terms of Fcrmi-lcveJ pinning by iiiterfaeial 
dangling bonds. This work unifies the understanding of Sehottky-barrier 
heights of IJl'-Y semiconductors and Si and also explain* why frec-suuuce 
calculations give good estimates of the Fermi-level pinning positions of inter- 
facial defects. Hence it appears likely that the Seliottky barriers on the common 
semiconductors have heights determined hy surface deep levels into*: associated 
with various native defects). > 

S’ii. Intrinsic surface states. - In a nearest-neighbor tight-binding model, 
a simple way to create a surface is to insert a sheet of vacancies into a bulk 
semiconductor. The deep levels associated with this sheet defect are surface 
states. Therefore, Che basic theoretical approach to the deep-level problem 
applies to predicting surfaceties as well. There are. of course, many technical 
problems associated with efficiently solving the secular equation (14) for surface 
states at relaxed and reconstructed surfaces. Those difficulties are beyond the 



Fig. in. - Surface state dispersion relation* ns measured [45*] and )•»•• lietod f-lS-fiO) 

for In?, after ref. [49] and [3]:-self-consistent pscudupoieniinl.-tight 

binding. • data. 


scope of the present work [to]. Revert heh-ss.eal'-nlat ions of intrinsic surface state 
dispersion elirws have been executed based on this model (•]£]. Typical results 
are given in iig. J.*> for the relaxed (lilt) surface of In.I* |-ISi], A< w'th the pre- 
dietions of deep levels ass». ial<*d with poioi defects, the surface stale ]ir*-iii«- 
tiois> are contjiarably accurate with th- iu-.-t local-density theories |49, .*>o]. 
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(), — Mctastaldc alloys.. 

Tin* ideas developed for treating band st met tiro ami iiii]»uriiy levels can 
lie applied (-0 treating large eiinceat rat inns of ('impurities» and lo predicting 
plmsf transitions in alloys. Jiceently GiiJCKNK <;/ til. [01] have grown mclnstahlc, 
siistmitiouni, crystalline (GuAs),./}^ and (Ga^l»),__Gt.* s _ alloys, oven llioiiirh 
the mtHi intents, GaAs and Gc or Gu$h ami Ge. are immiscible at equilibrium. 
The (G;iAs)i-i(b-':r alloys exhibit a V-shaped bowing of the fuiwlainental hand 
gap as a function of alloy composition (fig. 10). This bowing cannot be 



Fie. l'i. - Direct energy gap of iC>nA$),_,Gc ;x alloys vs. alley composition :r. after 
tof.The dashed lino represents the ordinary virtual-crystal approximation: the 
solid line represents the theory of ref. (32. 321. The data are indicated by circle-. The 
theory uses parameters appropriate m 4 K, whereas the data are tor room temperature 
(at which the baud gaps are dim-rent). 

explained by rite eonventiottal virtual-erystal approximation, whieh assumes 
that eaeh alloy is a crystal whose tight-'Idmliug parameters are iutcrpi-i >:< d 
between those of GaAs m.il Ge. 27KW3t.\x it nl. j.’i'j. have shown that lire 
V-shaped bowing is due to an order-disorder transition between a zim-bhm'r 
ami a dianionil phase {s« e Jig, 17). 

Ill ..leiiny the phase transition in these aJh.HX— 27K\Oi.\X was fared wjtli 

data that required a rea-nimbly accurate thenry of electronic structure valid 
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®-Ga 0" As 0' Ge 


Fi*r. 17. - A schematic model of the phases of (GaAs),.,Gc.„ after ref, (02; 53]: 
a) rite GaAs .'ordered) zinoWomle phase, b) the Go (disordered) diamond phase, c) the 
GaAs.rich ordered zinehl.mde phase of the alloy and <1) the Gvrieli disordered diamond 
phase of the alloy. In the ordered phase. the great majority of Gn atoms occupy 
nominal Go sites, lntt its tin- disordered phase Ga atoms show no site preference. 

in I «**lIt llu* ordered zineblcnde and the disordered diamond phases. Yet few 

theories are enpnlde of.. treating imili a phase transition ttnd eleelronie 

struelnre. Ykwma.v eireiunveiited this probe-in bv adopting a twoJTanujIonian 
model. 

The first Hamiltonian involves a psetidospin formalism, in which oempation 
of a site if liv (hi. As. or (Se is r< presented lty a pseudospin that is «ii)> » 
(—1).. <- down » (—.1). or <• zero • (it): 

II = V [./*>*„. - A'*;.Nj..] - V L **« -> J*h) • 
njr j: 
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'Here 7, A*. 7/ J ;irV t»:iramctvrs* deJiued in drf.iW], and I{ and. JR’ are 
.'MHiiVyl-iu'i.iriiiiiiiv Jit i his .psoiidospiu language. crystalline GiiAs is a 

«p>ettdoainifcrromagtict '-. because :iIt1 ilt,ir sites are ocrupicd-by tip») 
As {" down»): tin* Ge ut«>ms (/.spin zero») dilute tliv « atitifwromnyrisotiism.». 
-The «spin-spin » interaciion between- nearest neighbors causes As atoms to 
1 »reft*reiiti;iHy surround Ga und discourages A Ik.* formation of clusici's of only 
Gu or only As, Details ofMtc Tfsimilloiiinii. which is similar to tlit* isiumc. 
Jim cry, Griffiths Hamiltonian (Ti-j'J fnr a ffc- 4 Ed s>'!ntions. are given in ref. [ng], 
NjAnr.v.v solved this nandltonian. in a mean-livid approximation, to olitain 
'the equation for the order parameter -11(.v..v e ): 

.V/U -.<■) = tgh [.¥’(.! — .»•,)]. 

Hero is the alloy Composition at ■■ iiioh the minimum hand gap is observed. 
0.3 for (GaAsh./GiThe order, para meter is related to the probability that 
a Ga atom will he found on a nominal ration site of an imagined zineblcnde 
lattii-e; if tin's pvnbahility is the same as that for finding Ga on a nominal anion, 
site, then the crystal structure is «diamonds ami not <■ zineblende». That is. 
the alloy is «disordered -. 

The second Hamilton ..n is the Yogi empirical tight-binding theore. but 
with the alloy's parameters determined by anew virtuahcrystal approximation 
that depends on the order parameter of the first Hamiltonian: The diagonal 
matrix elements are interpolated assuming, for example, that the average cation 
is .¥)/!!]Ga a. f(i — ,t» — jl/)/iiAs -f [.r]Go. The energy band struc¬ 

ture computed using this model yields a direct hand gap £„(*■) n. alloy com¬ 
position .v (tig. 1C) and explains the observed Y-shaped bowing. 

7, - Summary. 

In summary, the simple ideas originating in the work of Hsu. Wolford and 
Street man and quantified it! both the Yogi empirical right •binding' scheme and 
the 1 lyiImarson theory of defects have proven to have widespread applicability 
: t" defect states, interface slates, surface states, Sclmttky harriers and alloy 
theory; The most !ci"i„ning feature of the theory is that it is simple enough 
to be used by a nonexpert, and >•<•! it produces rather good predictions for the 
11 deep * electronic stales associated with almost any localized perturbation in 
a seiuirondiietor. 
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The x-ray photoemission, absorption, and emission spectra of a one-dimensional tight-binding 
model for a binary metallic alloy are evaluated in a change of mean-field model. The .”m- 

bined effects of disorder and multielect,on excitations are included. The extent of the asymmetric 
tails of the x-ray photoemission lines depend on the local character of the Fermi-energy states in th: 
vicinity of the core hole; this effect could explain the long-standing mystery of why Na hue! in 
Na,WOj arc symmetric. Feature: in the absorpt.en and emission spectra reminiscent of tin. 
anomalous ramplike thresholds observed for absorption b\ rare-gas atoms in alkali-metal hosts are 
also found. • 


I. INTRODUCTION 

As a first step toward understanding the x-ray absorp¬ 
tion, emission, and photoemission spectra of binary alloys, 
we present here the results of model calculations for a 
one-dimensional, substitutional, crystalline, binary alloy 
The model treats a single orbital and a single 
electron per site in a nearest-neighbor tight-binding ap¬ 
proximation. Many-electron effects due to the final-state 
interactions of the electrons with the core hole are treated 
in a change-of-mean-fielc approximation. 1 Hence, the 
model exhibits features associated with both the “x-ray 
edge anomaIies’ ,J ""‘ and binary-alley disorder. 5 To our 
knowledge, this is the first study of the combined effects 
on x-ray spec?'.'; of disorder in a binary-alloy and many- 
electron recoil. 


II. MODEL 

The one-electron Hamiltonian governing the behavior 
of the alloy is 

M 

A= 2 «{«) j /■)(« | +p\n)ln + 11 +/?!« -fl)(« | . (1) 

n 

Here'we have M sit^s, | n' refers to the one-electron orbi¬ 
tal centered at the nth site. /? is the nearest-r.eighbor 
transfer matrix element, and e,n) is a randor. variable 
which takes on the values e A with probability 1 -x, and 
€g (with probability x ). 

In the case of x-ray photoerr.ission the band has V elec¬ 
trons in both the initiJ and final states, but the initial- 
state A‘-electron Hamiltonian 

( 2 ) 

i = i 


changes suddenly as a result of the removal of the core 
electron to the final-state Hami'tonian 

H f = £ hi , ( 3 ) 

/»! 

where «< have 

h'—h + Vq | RKR! , (4) 

with ' R) referring to the orbital cet;’ .'ted on the core-hole 
site: l'o is the electro. iiiier.;.'..on strength (and a 
negftu number). The initial mar;-electron state of the 
electron gas J /), in this moucl, is a Slater determinant of 
the lowcst-energy singlt-particle eigenstates j <5) of h; the 
fina' states ‘ Fv) are all the various determinants of the 
eigenstates ‘d-i of h‘. 

The x-ray photoemission spectrum is 

/(£)= 2 I </ £v) j 2 5(£ tE Fv —Fi —fen—e cor ,), (5) 

V 

where the summation is over all possible final-state con¬ 
figurations. The photoem'ssion recoil energy is 

£fv-£/=ie;-iei, (6) 

I l 

where the sums are over ali occupied or. -electron states in 
the electronic config. ration: Fv't anc I). respectively. 
The nhotoemissii.,1 line shape has contributions from -x>th 
spir.-up and spin-down chan a Is. It can be shown, hon ev¬ 
er, that one car. evaluate the line sl.aycs fir each of these 
channels inuependently and tha' ; :e two-channel line 
shape is a convolution of the single-....mnel shapes.’ 
Hence, for s.mplicity of prese-i'atlor. consider here 
only the spin-up channel, and w • have A/ = 2 V. 

X-ray emission of a photon of energy £ can be trec.ed 
in a manner completely ana : ogous to photoemission, and 
has a line shape 
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kIE)~ ]£,|^<A'|A/|/);|; 2 8 (£-£/+£f V ). (7) determinant of- N + 1 A similar expression-holds 

v for x^ray absorption.* We assume'that the core hole.has a 


where the final states | Fv) are Stater determinanis of 
/V’ | ^)’s . and one core orbital and .the .initial state is a 

MR) &(R) -Av^i(R) 

(Fv | M (/) =M<j 

I (^V.<v | W 4 * ’ t^v..v I'^A’ + i' 

Here (MR) is proportional to the overlap of |^) with the 
core hole at site R,/Af 0 is a constant, is a scalar 
product, and we .have assumed that the core hole has a 
negligible radius * 5 

The line shapes j(E) and X(E)si;[E)/M\ are calculat¬ 
ed as follows: The eigenstates Inland | t/0 and the corre¬ 
sponding eigenvalues are evaluated for a one-dimensional, 
lattice with M-40 sites occupied by a specific configura¬ 
tion of atoms A and 5, as determined by a random- 
number generator, the core hole is confined to one of the 
ten innermost sites. The matrix elements between deter° 
minants, such as </|FV), are evaluated for many elec¬ 
tronic configurations v and the spectra are calculated. 
The calculation of e given spectrum is terminated (i.e., no 
more configurations v arc included) when the sum rules 
for x-ray photoemission spectra* (XPS) 

HE)dE= 1 (9) 

J — «0 

and for emission* 

/" X(E)dE=2 UvfRJI 1 (10) 

i 

are adequately exhausted (the sum is over occupied 
initial-state orbitals 1 / 7 ), The calculations are repeated for 
(typically ~ 100 ) different atomic configurations and (typ¬ 
ically eslO per atomic configuration) different core-holt 
sites, Gaussian broadened 7 and ensemble averaged. The 
ensemble-averaged spectra are displayed in Figs. 1 to 6 for 



FIG,. !. Predicted x-ray photoemission spectra for core exci¬ 
tation of the A site in /(,_,£,, as a function of the emitted 
electron’s energy E, for x =0.2 (dash-dotted line), x =0.4 (dot¬ 
ted line), x =0.6 (dashed line), and x =0.8 (solid line). 


negligible radius, in which case the c.poie.matrix element 
,'M’can be simplified, and we have: 



^0 = — 21 /?|» fs =2 j/?|, and = —2 j/?| for 
x 5 = 6 . 2 , 0.4, 0.6, and 0.8. 


IIL RESULTS 

The results can best be .underfed in terms of the 
broadened 7 densities of states d,splayed in Fig. T. In all 
cases the Fermi surface lies within a band and the system 
is metallic. 


A. X-ray photoemission spectra 

For a core hole created at an A site (Fig. 15, the x-ray 
photoemission spectra exhibit long tails associated with 
low-energy excitation of Fermi-surface eleerrons for 
x 5=0.2 and 0.4, but not for x 5 * 0 . 8 -or 0.6. The reason 
for this is that the one-electron states near the Fermi sur¬ 
face are /Mike for x =0.2 and 0.4. but are 5-like for 
x =0.8 or 0.6 (see Fig. 7). Only the /Mike states are effi¬ 
ciently excited as the shock wave due to the /1-site core¬ 
hole creation propagates outward. The 5-like electron 
states at the Fermi energy for x=0.6 and 0.8 do not 
thoroughly overlap with and couple to the /4-site core 
hole, and are not so easily excited as a result of the corn- 
hole creation. Hence, the /1-site Xl'j lines for x =0.6 
and 0.8 do not have long tails for negative E-bo— e cort , 
but the lines for x =0.2 and 0.4 do. (Similarly, creation 
of a 5-site core hole produces a long XPS tail for x > 0.5 
but not for x <0.5, as shown in Fig. 2.) Thus we have a 
clear dependence of the shape of the XPS line on the char* 



{ E-Tvw- € eo , e )/ 2 |b] 


FIG. 2. Predicted B-site x-ray photoemission spectra, as in 
Fig. 1. 
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FIG. 3. Predicted x-ray absorption spectra ,V(£) for excita¬ 
tion of a core level at the A site, with notation as in Fig. 1. 


acter of the Fer..:i-energy electrons at the. site of the core 
hole. 

The asymptotic theory of Doniach and Sunjic 4 for exci¬ 
tation of a free-electron gas is valid for electron energies 
£^ near the photoemission threshold energy E? and gives 
an XPS line shape 

/(£)cc(£y~£)“ l+4 0(£ r ~ls), (11) 

where 0 is the unit step function and the exponent A is 
expressible in terms of 8/, the change of Fermi-energy 
phase shifts of an electron as a result of the potential of 
the core hole: 

A= 2212/-H ,8,/nr) 2 . (12) 

/- o 

This asymptotic line shape does not depend on the charac¬ 
ter or density of states near the Fermi energy, except 
through the phase shifts 5/. Nevertheless, our calcula¬ 
tions, which solve a Doniach-Sunjic type of model for all 
energies (not just for £-*£ r ), show that the extent of the 
XPS tail does indeed depend on the character of the 
Fermi-energy states. 

This behavior may have been observed in sodium- 
tungsten bronzes: Campagna et al. s and Chazalviel 
el al, 9 have reported both an asymmetric W XPS line and 
an excessively symmetric S'a U XPS line in Na,W0 3 ; the 
latter cannot be explained by the asymptotic theory, [Eq. 
(U)]. 10 It is noteworthy that in the simplest model the 
Na states do not contribute to the conduction band; 8,9,1 ' 



FIG. 4. Predicted 3-site x-ray absorption spectra. 



hence the Na-like character of the Fermi-energy states in 
Na,WOj should be small—and by analogy with the 
present results we expect the Na XPS line to be quite sym¬ 
metric. Hence, the present theory indicates that the large 
asymmetric tail predicted on the basis of the asymptotic 
Doniach-Sunjic, theory should not necessarily be expected 
when the amplitude of the Fermi-energy one-electron 
states at the core-hole site is not large — because the 
electron-hole pair excitations of those states (which are re¬ 
sponsible for the long tail) cannot be efficiently achieved. 

A second interesting feature of the /1-site XPS spectra 
is the small bump for x-0.2 and 0.4 near E—fiu 
—e corc =e-2 [0| ( = | V 0 1 here), which we associate with 
transitions of the electron gas that leave a hole in the 
bound state below the A band. (This bound state always 
occurs in one dimension and is caused by the attractive 
electron-hole interaction; it lies of order ~ | V Q | below 
the band bottom.) 

The XPS spectra at the B site are especially interesting. 
The lines for x — 0.2 and 0.4 are nearly symmetric be¬ 
cause the Fermi-energy states are largely /1-like and not 
efficiently excited by a j?-site core hole. They are also al¬ 
most recoilless (viz., at zero energy) because the £-like 
states that are perturbed by the core hole arc unoccupied 
and therefore do not contribute to the recoil energy [Eq. 
(6)]. The x =0.4 spectrum has, in addition to its recoil¬ 
less peak, a weak high-energy peak associated with recoil: 
The on-site level at e B is pulled below the Fermi level by 



FIG. 6. Predicted 3-site x-ray emission spectra. 
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FIG. 7. One-electron density of states (times 2|5|) of 
<4|_j5, vs E (in units of 21 p j) for x =0. 0.2,0.4.0.6,0.8, and 
1.0. The Fermi energies are denoted by E f and occupied one* 
electron states are shaded. Note that the one-electron states at 
the Fermi energy are /Mike for x <0.5 and iMike for x >0.5. 


the electron-hole interaction, becomes occupied, and con¬ 
tributes to the recoil energy. (This effect was predicted 
first for d states by Kotani and Toyozawa 13 and then, in a 
different context, by Mehreteab and Dow. 13 } As the alloy 
composition x and the Fermi energy increase, local alloy 
configurations which lead to recoil become more probable 
and the recoil peak grows as the recoilless peak decreases 
in amplitude. For x=0.& the Fermi energy lies within 
1 Vq | of f B and the recoil peak is dominant. Bumps 
below the main peak are associated with the alloy disor¬ 
der. 

B. Absorption spc.'Ta 

The absorption spectra for the core hole on an A site 
(Fig. 3) are generally weak because of the predominantly 
iMike character of the unoccupied one-electron states. 
The strongest spectrum is for x =0.2 and corresponds t.- 
a case in which there is a reasonable amount of A charac¬ 
ter to the final state. 

For a core hole at a B site the absorption spectra (Fig. 
4) are stronger because the B hole couples strongly to the 
iMike unoccupied electron states. Even for .c =0.2 there 
is some B character i-j the Fermi-energv states, and the 
absorption edge (at the left of Fig. 4} becomes more 
abrupt as x and the B character of the Fermi-en-.rgy 
states increases. In general the spectra exhibit low-energy 
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absorption edges and 1 bumps at higher energy that are de¬ 
rived from the hole-perturbed bumps in the densities of 
states. [The van Hove singularity 14 at the band maximum 
is weakened both by the matrix element, Eq. (8), and the 
alloy disorder.] 

An especially interesting feature of the calculated 5-site 
spectrum for x =ri.2 is its low-energy edge — which docs 
not show the expected 3,3 peaked threshold behavior 
(predicted for free-electron metals): 

('(£)«(£-£ r f a °e(£~£ r ), (13) 

whrre E r is the threshold energy and a 0 is the x-ray edge 
exponent. 15 Instead, the threshold line shape is very near¬ 
ly a linear function of energy, a 0 s=— 1. Such behavior is 
what has been observed for rare-gas atoms in alkali-metal 
hosts by Flynn and co-workers, 16 and has remained a ma¬ 
jor unexplained anomaly for years. 17 The present work 
suggests that the "anomaly" may be a consequence of the 
non-5 character of the Fermi-surface states. 

C. Emission spectra 

The emission spectra for an .4-site core hole evolve in 
an interesting fashion as a function of composition x. For 
small x, x =0.2, the spectrum exhibits a low-energy peak 
associated with a band-bottom van Hove singularity 14 (see 
Figs. 5 and 7) that has been partially amputated by disor¬ 
der: it also has a high-energy edge with a peak reminiscent 
of an x-ray edge anomaly [Eq. (13), with £ and £j- re¬ 
versed], For x =0.4, 0.6, and 0.8, adoitional features as¬ 
sociated with alloy disorder as manifested in the densities 
of states (Fig. 7) are reflected in the spectrp. In addition, 
the x =0.6 and 0.8 spectra have weak high-energy edges 
(that are more or less ramplike functions of energy) be¬ 
cause the Fermi-energy states are 5-like and do not couple 
effectively to an A hole. 

On the 5 site the spectra are dramatically different, 
showing bumps associated with the alloy disorder (shifted 
by the electron-hole interaction), high-energy x-ray edges 
[Eq. (13)], for x =0.8 and x =0.6 that weaken as the 5 
character of the Fermi-energy states is lost with decreas¬ 
ing x. For x =0.8 there is a high-energy x-ray edge (near 
E+e co[«=0). the remnants of a van Hove singularity in 
the density of states (near EA-e^'ts— |£|), and a weak 
low-energy peak (near £+f core ss-41/?|) associated with 
the density of states: 5 character is mixed into the .4-like 
states by the alloy. The prominent x-ray edge occurs be¬ 
cause the 8 hole efficiently excites the 5-like Fermi- 
surface particle-hole excitations. For x =0.6 to x =0.2, 
qualitatively similar structures appear, most of which are 
peaks shifted by the electron-hole interaction, but associ¬ 
ated with the disorder as reflected also in the densities of 
states. The strength of the emission weakens as the 5 
character of the Fermi surface is lost (as * decreases). 
Also, the high-energy x-ray edge weakens and becomes 
ramplike for x =0.2. 

D. Summary 

In summary the predicted x-ray spectra of one¬ 
dimensional A\_ X B X substitutional alloys are rich in 





32 X-RAY SPECTRA OF MODEL BINARY ALLOYS A Xr ,B x , 5122 


features that arc associated with alloy disorder, x-ray edge 
effects, and van Hove singularities. The effects of alloy 
disorder found here are probably more pronounced than 
one would find in three-dimensional alloys, owing to the 
lack of multiple paths circumventing any highly disor¬ 
dered region. Two particularly interesting features of the 
calculated spectra appear to hold promise for explaining 
some old mysteries, ii) The anomalously symmetric XPS 
lines of sodium-tungsten bronzes appear to be related to 
the fact that the character of the one-electron states at the 
Fermi energy is such that these states are not efficiently 
excited by a Na-site core hole, and (ii) the ramplike linear 
absorption thresholds of rare-gas atoms in alkali-metal 
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hosts appear to be related to ,the fact that the Fermi- 
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The electronic structures of the pseudobinary alloy semiconductors Pbi.^Sn.Te are analyzed 
using a tight:binding model with-spin-orbit interaction. The densities of states and the band gaps 
at the L point are computed for both the effective media using the virtual-crystal approximation 
and the realistic media employing the recursion method, and the results are compared. Both 
theories exhibit alloying effects such as band broadening, energy shifts, and Dimmock's band- 
ctossing phenomenon. However, significant deviations from the virtual-crystal approximation are 
found for the cation-derived r-like deep valence-band states. 


I, INTRODUCTION 

The narrow-gap IV-VI semiconductor compounds and 
their pseudobinary alloys have unique properties. They 
have on the average five valence electrons per atom, 
small direct band.gaps at the L point, and high static 
dielectric constants of order 10\ They often show a 
variety of anomalous thermodynamic, acoustic, and elec¬ 
tronic properties. 1,2 Pb|_ -t Sn,Te is an especially in¬ 
teresting semiconductor alloy because the symmetry of 
valence- and conduction-band edges of SnTe is reversed 
compared to PbTe and other IV-VI semiconductors: 
The conduction- and the valence-band edges have L£ 
and Lt symmetry, respectively, in PbTe and most other 
IV-VI semiconductors, while the ordering is "Dimmock 
reversed" in SnTe. 1 " 5 This has an interesting conse¬ 
quence: the fundamental band cap closes to zero at an 
intermediate composition a - in Pb|_ A Sn A Te. } This prop¬ 
erty of the fundamental energy-band gap vanishing for a 
selected composition means that alloys with composi¬ 
tions near this composition exhibit small band gaps that 
satisfy the special needs for infrared sources 4 and detec- 
tors* in modern technology. Therefore it is very impor¬ 
tant to understand the effects of alloy disorder on the 
electronic structures of these technologically important 
materials. 

Recently, Spicer et al .* have reported experiments in¬ 
dicating the selective breakdown of the virtual-crystal 
approximation for deep'valence bands in Hg|_.,Cd x Te 
[which is a covalent semiconductor alloy containing 
"light" >Cd) and "heavy" (Hg) atoms], and have 
identified that phenomenon as resulting from the Hg 6i 
atomic levels being significantly below the Cd 5.: levels. 
Also, Huss a al.‘ have obtained similar disorder efTects 
theoretically, in Hg|..,Cd A Te using the coherent- 
potential approximation. Davis' 1 has also found large de¬ 
viations from virtual-crvsia! behavior theoretically in 
Pb t _ A Sr A S wi.trc the cat" .os Pb *configi:ration 6 s'6p') 
and Sr (configuration 5s : '< differ so muo' that an average 
cation potential is meaningless. 

The present work analyzes the effects of alloy disorder 
on the electronic structures of the random alloys 

36 


Ph|_ A Sn A Te using the recursion method with a tight- 
binding model. Pb|_ A 5n v Te is an interesting material 
for this purpose because its constituent semiconductor 
compounds PbTe and SnTe have very similar overall 
electronic structures, except for the Dimmock reversal 
of the valence- and conduction^-and edges; the alloy 
contains light (Sn) and heavy (Pb) cations. Moreover, the 
electronic band structures of these materials have large 
spin-orbit splittings, and the fundamental gaps are not at 
the center of the Brillouin zone, k=0. Indeed, some au¬ 
thors believe that PbTe and SnTe are ionic rather than 
covalent materials. 5 Therefore the usual criteria 10 for 
the validity of the virtual-crystal approximation may not 
apply. 

In Sec. II, the tight-binding model for the parent semi¬ 
conductors PbTe and SnTe is discussed, and the recur¬ 
sion method is outlined. In Sec. Ill, the results of the 
calculations are presented and discussed. Section IV 
summarizes the conclusions. 

II. CALCULATIONAL PROCEDURES 
A. Tight-binding model 

It is well known that Pb|_ A Sn A Te forms a single- 
phase pseudobinary alloy over the entire composition 
range x, with about 2% o r lattice-constant change from 
P.«Te to SnTe. .Both compounds crystallize in the rock- 
salt structure with lattice constant 6.44 J A for PbTe and 
6.327 A for SnTe (Ref. 11) at 300 K. The electronic 
structures of PbTe and SnTe (and other IV-VI com¬ 
pounds) have been extensively investica.ed th-.v*etically 
and experimental:, 1,1 A variety of computational tech¬ 
niques such as the relativistic augmented-plane-wave 
(A"W) method, 11 '' 14 the onhonormalized-plane-vvave 
(OPWi method, 15 the empirical pscudopotential 
method, lt_|g and the relativistic Green's function or 
Korringa-K.ohn-Rostoker method G’.KRl (Ref. 20) nave 
been used to calculate the electron:, hand s:ruciur--s of 
these materials More recently, a seif-consistent relativ¬ 
istic APW calculation for SnTe (Ref. 21) and first- 
principles pseudopotential total-energy calculation for 
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the -grolindistate properties and electronic structures of 
.PbTe arid SnTe (Ref. 22) have been reported. Although 
considerable differences may .exist concerning, some de* 
tails, such as the parity assignments at the L point 23 and 
gap structures at critical points (for example, some eal- 
culations 13,16-21 showed a “hump stiucturc," i.e., the L 
point is not a minimum- or tnaximufn-energy point, but 
a saddle point in SnTe), the general'features of the vari¬ 
ous band structures mentioned above are quite similar. 
Concentrating on this point and the fact that the recur¬ 
sion .method takes its most convenient form in a tight- 
binding model, we shall use in this work the empirical 
tight-binding Hamiltonian matrix elements of Lent 
et al., 2 * which are obtained by fitting the eigenvalues of 
the tight-binding Hamiltonian matrix to the experimen¬ 
tal band gap at the L point and to band energie-. at sym¬ 
metry points, as calculated by Herman et a/. 15 

Since the relativistic corrections to the energies of 
heavy materials; particularly those including Pb, are 
significant, 55,20 the Hamiltonian used for band calcula¬ 
tions should include these effects. The relativistic Ham¬ 
iltonian which produces the energy-band structure ha* 
the following form: 12 

H =(/r/?m)4- V +H i0 + fi 2 V : l'/8m 2 c 2 -p 4 /8m } c 2 / 

( 1 ) 
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where F is the periodic crystal potential. The spin-orbit 
term which may splii degenerate levels is 

7/ w =fia-(?Xp)Am 2 c 2 , (2) 

and the remaining terms are the Darwin and mass- 
velocity terms, respectively. 

Employing the ideas of Harrison. 27 Chadi, 2lt and Vogl 
a/., 29 the nearest-neighbor tight-binding Hamiltonian 
can be constructed, 

H 0 = £ (;a,/,a.R>E li0 (a,i,a,R ; 

K.ff.i 

4-1 c,/,ff,R-fd)£ lif <c,/,o,R-i-d |) 

4- 2 I ifl,/,o,R)K. i/ -<c,;.0',R , 4-d | 

4-H.c.)4-/7 40 , (3) 

where H.c. means Hermitian conjugate, R are the lattice 
vectors, i and j are the localized quasiatomic orbitals for 
the cation and anion, a is the spin index (up or dow»i. a 
and c refer to the anion and cation, respectively, and d is 
the position of the cation relative to the anion in any 
unit cell: d= {a L /2, 0,0). The spin-ort.it interaction 
term can be described by the following Hamiltonian: 24 




2 (|fl,/,cr,R^(/. a /2)L (I -ff <I {fl,y,<7 , ,R | 4- jc,/,ff,R)(A./2)L f ‘fff (cJ.er’.R j J . 

R.j./.a.ff* 


r 


(4) 


As a basis set, we used IS quasiatomic orbitals local¬ 
ized on each atomic site which are assumed to be mutu¬ 
ally orthonormaiized by the method of Lowdin: 30 j, p x , 
p y , p ; , d x :_ y i, dd ty , d v; , and d. x for each spin-up 
and -down state. The parameters of this model are given 
in Ref. 24, and reproduce the experimental band gaps at 
the L point'" (0.186 eV for PbTe and 0,3 eV for SnTe) as 
well as the calculated band energies of Ref. 15 at the 
high-symmetry points T, A’, and L. The resulting band 
structures are given in Ref. 24. In particular, the Dim- 
mock reversal of the band structure from PbTe to SnTe 
is correctly reproduced by the model. 

B, Recursion method 

To obtain the densities of states of Ph|_*Sn t Tc alloys, 
we require a theory that is capable of predicting the 
spectra characteristic of pairs and clusters of minority 
atoms, namely a theory that goes beyond the virtual- 
crystal approximation (VCA> (Ref. 31) and the 
coherent-potential approximation (C1'A> (Refs. 6, 7. 10, 
and 32-36). We us. the rCvL-'.ion method. 5,3 ' which ex¬ 
ploits the fact that the Hamiltonian matrix for the alloy 
can be transformed into a real symmetric matrix by uni¬ 
tary transformation from the oid basis . c) (with 
t=0, 1,... ,.Y, where c stands for b,i,cr, R) to a new 
basis ; vj lv=0,l,2,.. . , A ~i. Thus we have 


H I '‘I ~b v 1 v— 1) -fo v . | v) 4-^v-t , v "r I! • (5) 

With an initial choice of | 0) and 6 0 =0, this equation 
can be iterated to determine the recursion coefficients a v 
and b v (v=0,1,. .., AO and the Green's function: 

G 0i0 (£)=-- -, ( 6 ) 

r- ._li_ 


where £ ha 1 an infinitesimal positive imaginary part. In 
practice tins expansion is cut off at some finite level L 
( = 51 l.erei. and the remainder is neglected. Then the 
local densities of states for a specific site b and sym¬ 
metries / are obtained from G 0 ,q by taking the imaginary- 
part: ( — l/rllmjo.o- The choice of initial state |0|, 

oi= 2 = I*m>,r>. (7) 

R.a 

where ± means that each term is given a randomly- 
chosen sign, yields the loia! density of states projected 
onto the b don or catioi site an . the symmetry i in a 
random alloy, and the sum of the** local-state densities 
is the total density of states. Details of the method can 
be found in Ref. 37; computer programs for executing 
the recursion method are available.-'" 
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III. RESULTS AND DISCUSSION 

We .first calculate-the density of states for the perfect 
crystals PbTe an;' SnTe, employing the nearest-neighbor 
tight-binding model discussed-in the previous section. 
The results are shown in Figs. 1 and 2. The dot-dashed 
curve is the density of states obtained by the Lehmann- 
Taut method. 39 In .‘his method, the Brillouin zone is 
decomposed into a set of tetrahedra, and the integration 
over the Brillouin zone is evaluated using an analytic ex¬ 
pression. The solid curve is,from the recursion method. 
A 12x 12x 12-atom cluster was generated to simulate 
the perfect infinite crystal, and the local density of states 
for each orbital i,a was calculated with periodic bound¬ 
ary conditions. 

The overall agreement between the two methods is 
very good, except for some minor details such as the 
peak structures and the band-gap smearing; the 
differences between tli.- results of the recursion method 
and the Lehmann-Taut method are within the tolerable 
range. The 6-function-like peaks are associated with van 
Hove singularities 40 due to the long-range order The 
more or less smooth peaks in the upper valence bands 
given by the recursion method (solid curve) are partly 
due to the finite size of the cluster and partly due to the 
limited resolution of the present method because of the 
finite cutoff at L =51. AVe,determined this oy varying 
the size of the cluster and L.) Another difference is that 
while the Lehmann-Taut method clearly shows the band 
gap to contain no states, the band edges are smeared in 
the recursion method. The main reasons for this are the 
limited resolution of the method and the incomplete can¬ 
cellation of the off-diagonal elements of the Green’s 
function due to the choice of 'andomly phased initial 
state. The band edges can be sharpened by choosing an 
initial state 10) localized at the center of a cluster or by 
investigating the spectra! density of states (as will be dis¬ 
cussed below). In Fig. 3, the contribution of each orbital 



FIG. 2. The virtual-crystal-approximation (dot-dashed 
curve) and the recursion-method (solid curve) density of states 
in SnTe. A I2X12X 12-atom cluster with periodic boundary 
conditions was used in the recursion method. 


to the density of states of PbTe is displayed. The lowest 
valence band is-predominantly anion j-like, and the mid¬ 
dle valence band is' cation s-like. The upper valence 
bands have dominant anion p-like character, while the 
lower conduction bands are p-like and cation derived. 
This can be visualized by the following simple picture. 
The Pb atom has four valence electrons (6s : Sp J ) with 
free-atomic orbital energies -12.42 and -6.9J eV (rela¬ 
tive to vacuum) for s and p orbitals, respectively, and the 
Te atom has six valence electrons (5s'5p 4 ) with orbital 
energies -19.05 eV (5s) and -9.’9 eV (5p). 41 The two 
5s electrons of Te, which have the lowest orbital ener¬ 
gies, form an isolated valence band deep in energy, and 
the two 6s electrons of Pb form a middle valence band. 
The two 6p electrons of Pb and the four 5p electrons of 
Te interact with each other to form bonding (valence 
band) and antibonding (conduction band) bands. There- 



Energy (eV) 


FIG. 1. The virtual-crystal-appr.' >mation (dot-dashed 
curve) and the recursion-method (solid curve) densi'y of states 
in PbTe. A 12X 12X 12-atom cluster with petiodic boundary 
conditions was used in the recursion method. The zero of en¬ 
ergy is the valence-band maximum. 
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FIG. 3. Local density of states for cation fdot-dashed curve) 
and anion (solid curve) calculated bv the recursion method in 
PbTe. 
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FIG. 4. Local density of states for cation (dot-dashed curve) 
and anion (soiid curve) calculated by the recursion method in 
SnTc. 



FIG. 6. The virtual-crystal-approximation (dot-dashed 
curve) and the recursion-method (sdlid curve) density of states 
in Pb (M Sno.(,Te. A 12x I2X 12-atom cluster with periodic 
boundary conditions was used in the recursion method. 


fore, alloying PbTe and-SnTe, which is equivalent to dis¬ 
tributing Pb and Sn atoms randomly-on-cation sites, has 
the largest, effect on the cationlike middle valence band. 
The characteristics of the local density-of-states struc¬ 
ture in SnTe are similar to those of PbTe (see rig. 4); the 
5s and 5 p free-atomic orbital energies of Sn are at 
— 12.97 and -7.21 eV, respectively. 

We generate a model of the random alloy Pb^Sn^Te 
by randomly occupying cation sites by either Pb (with 
probability 1-*) or Sn (with probability x), while all 
anion sites are occupied by Te, The matrix elements of 
the alloy Hamiltonian are derived from those of PbTe 
and SnTe as follows: On cation sites, we use either PbTe 
or SnTe matrix elements, depending on whether the site 
was occupied by Pb or Sn. On Te sites, we average the 
PbTe and SnTe matrix elements, weighting the average 
in proportion to the number of neighboring Pb and Sn 
atoms- to the Te. Then the densities of states for 


Pb|_^Sn x Te are calculated using both the virtual-crystal 
approximation and the recursion method for a number 
of-compositions. x. Again,, the density of states is ob¬ 
tained by the use of the Lehmann-Taut method in the 
virtual-crystal approximation, and a 12X 12X 12-atom 
cluster is used in the recursion method with periodic 
boundary conditions. In order to avoid sample- 
dependent results, wo repeated the calculations for five 
different alloy configurations of 12 5 atoms, and averaged 
the densities of states. The results are shown in Figs. 
5-8. The solid curves represent the recursion density of 
states, and the dot-das'ned curves are for the virtual- 
crystal approximation (VCA) results. Both the virtual- 
crystal approximation and the recursion density of states 
show the alloying effects, i.e., energy shifts and width 
changes of the density-of-states peaks. However, 
analysis of the middle valence band near -7 eV, which 
has the greatest alloying effects, clearly reveals the 
differences between the predictions of the two 



FIG. 5 The virtual-cry stal-approximation (dot-dashed 
curve) and the recur,ion method fsc,' curve) density of states 
in PbcjSn 0 -Te. A 12 • I2X 12-atom cluster with periodic 
boundary conditions was used in the recursion method. 



FIG. 7. The virtual-crystal-approximatnm (dot-dashed 
curve) and the recursion-method tsohd surve) density of siates 
in Pb ( ,jSn,, 5 Te. A 12 i2x i2-atom duster with periodic 
boundary condition was used in the recursion method. 
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FIG. 8. The virtual-crystal-approximation (dot-dashed 
curve) and the recursion-method (solid curve) density ofjstatcs 
in Pbo.(,Sn 0 , 4 Te. A I2x 12X 12-atom cluster with periodic 
boundary condition was used in the recursion method. 


methods—the effect of-disorder: This band is a doublet, 
with its low- and high-energy components due to Pb and 
Sn s states, respectively. 

Since the bands that exhibit the alloy effects which are 
beyond the virtual-crystal approximation are cation s- 
iike in character, spin-orbit coupling does not produce 
any novel features in the spectra of Pb ( _^Sn^Te, beyond 
the spin-orbit features found- in PbTe, SnTe, and a 
virtual-crystal theory of Pbi_ x Sn x 7e. 

Fortunately the results we find agree rather well with 
what is expected, based on the Onodera-Toyozawa 
theory of alloys 10 —despite the fact that theory, to-our 
knowledge, has not been applied previously to alloys 
with fundamental band caps at the L point of the Bril- 
louin zone. The density-of-states spectra of the alloys 
exhibit some features that are “persistent" and others 
that are “amalgamated" in the terminology of Ref. 10. 
The persistent features are associated with the cationlike 
middle valence bands: the Pb 6s-like and Sn 5s-iike 
bands that retain their cltaiacters in the alloy because 
the perfect-crystal bands do not overlap in energy. The 
remaining bands are amalgamated and tend to form, hy¬ 
brids of the PbTe and SnTe bands rather than exhibit 
separate PbTe- and SnTe-like bands. This amalgamation 
occurs because the PbTe and SnTe bands overlap in en¬ 
ergy, and hence mix in the alloy. 10 Bands that fall 
within this amalgamated regime can generally be de¬ 
scribed, in a first approximate -n, by the virtual-crystal 
approximation. 

Although it is straightforward to include a valence- 
band offse, in the calculation by adding a constant ener¬ 
gy to all of the diagonal matrix elements of eithc PbTe 
or SnTe ( by construction, the matrix elements of Ref. 24 
place the zero of energy at the valence-band maximum), 
we have not done so here because the offset is thought to 
be small (of order 60 meV), J: almost neg.igible on the 
scale of the figures. 

It is well-known that the fundamental band gap of 
Pb|_ x Sn t Te closes at some intermediate composition be¬ 
cause of the inverted band structure of SnTe. We calcu¬ 
lated E(L£ )—E\L£ ! of Pbj_ x Sn x Te a. a function of 
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FIG. 9. The band gap E(L;)-E(L;) of Pb|_.,Sn,Te vs 
composition;*. The solid circles (triangles) are obtained using 
the virtual-crystal approximation (the recursion method), and 
the solid line represents the interpolation of PbTe and SnTe ex¬ 
perimental results of Ref. 3. 


composition x by diagonalizing the virtual-crystal empir¬ 
ical tight-binding Hamiltonian (solid circles in Fig. 9). 
Also the corresponding quantity can be calculated using 
the recursion method. In alloys, the translational sym¬ 
metry is barken, thus the wave cctor k is not a good 
quantum number. However, we still can define the 
spectral-density functions analogous to those of the per¬ 
fect crystal by the following: 3 

X(k,£) = — (1/r) lim Im{6,f,a,k ] G{E ~ie)\ b,i,a,k), 

f—0 

( 8 ) 

where |i,/,cr,k) is a normalized Bloch sum over all unit 
cells of orbital / with spin a on each atomic site b (anion 
or cation). Then the position and broadening of the 
peak represents- the energy shift and damping of a par¬ 
ticular quasiparticle state of energy E and wave vector k. 
Since L£ (L£) has anion (cation) p-like chnrcter. a 
Bloch sum of (p.,-rPy-rP;)/ v/ 3 on each anion nation) 
site at the L point is chosen as the initial state |0) for 
L * (Lf ), and the spectral density of states X (k,£) is 
calculated. Then the gap is defined by the differences in 
the peak values of X(k,£), i.e., E(L£ )—£(£„" ). The 
theoretical predictions are shown also in Fig. 9 (solid tri¬ 
angles) in comparison with a linear interpolation of the 
experimental band gaps of PbTe and SnTe (Ref. 3) (solid 
line). The theoretical uncertainty in £(£„“ ) —£(£g ) is 
— r:0.02 eV for 0<.v < 1. The calculated band gap is al¬ 
most . linear function of composition x and compares 
well with the experimental results. 

IV. SUMMARY 

The electronic structures of Pb,_. x Sn x Te alloys, in¬ 
cluding their parent semiconductor compounds, have 
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been-analyied-using the, tight-binding- model-with spin- 
orbit interaction. The densities-of states .were computed, 
for both the effective media usihg:the, viftual-crystal ap¬ 
proximation-arid the realistic media empioying fhe rccur- 
sion method, and'the results were compared. As expect¬ 
ed, both theories exhibited alloying effects such as band 
broadening and energy shifts. However, the two 
methods differed in their predictions; for the cation- 
derived .>-like states, whicli experienced the greatest al¬ 
loying effect. Thevalloy composition dependence of the 
band gap at the L point was. analyzed, and exhibits 
Dimmock's band-crossing phenomenon. The above facts 
show that the recursion method is a useful tool for the 
study of the electronic structure of random Pb,_,Sn,Te, 
ancTin particular for the cationlike middle valence band. 
However, they^also show that the virtual-crystal approx¬ 
imation provides a remarkably good description of the 
electronically important top valence and bottom conduc- 
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.tiori bands. Finally*, they demonstrate that the 
Onodera-Toyozawa- criteria can be applied to 
Pbi^Sn^Te; even though these alloys have their funda- 
mcntal;:band gaps.at £: the cationlike s-iike middle 
vaience.bands are persistent while the top valence band 
and lowest conduction-band are amalgamated. 
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We review theoretical interpretations of Schottky barriers and Fermi : Ie e: pinning, which result 
when metals and other chemical species are deposited on semicnhducto' o- .faces. Experiments 
indicate that these two phenomena are closely connected, sc, a theory of Schottky barriers must 
also explain Fermi-level pinning for submonolayer coverages of both metallic and nonmetallic 
species. Proposed mechanisms include tjie following: (a) Intrir tic surface states. ForGaAs and 
several other materials, there are no intrinsic surface states within the band gap,;GaP, e.g., does 
have surface states in the gap, but they are not at the correct energy to explain Schottky barrier 
formation, (b) Metal-induced gap states. These states, which require a thick metal overlayer, 
cannot explain Fermi-level pinning at submonolayer metallic coverages.-They aiso cannot explain 
why a single semiconductor (n-type InP) exhibits two distinct Schottky barrier heights. 
Furthermore, they cannot explain why the Schottky barrier persists when there is an oxide layer 
between semiconductor and metal. Metal-induced states can in principle give rise to Schottky 
barriers at defect-free interfaces, but they fail to explain much of the existing experimental data for 
III—V semiconductors and Si. (c) The classic Schottky model. This model is hot in agreement with 
experiment for III—V and Group IV semiconductors, but does appear to account for the 
measurements involving nonreactive metals on GaSe—a layered material expected to be 
relatively free of defects, (d) The Spicer defect model. This phenomenological model, now 
supported by microscopic theoretical studies, appears to account for many of the observations 
regarding Schottky barrier and Fermi-level pinning. We review our theoretical investigations 
within the framework of the defect model, which provide a satisfactory explanation of the 
principal observations for both III—V and Group IV semiconductors. We conclude that the levels 
responsible for Schottky barriers and Fermi-level pinning arise from two sources: (1) bulk-derived 
deep levels (e.g., the deep donor level for the antisite defect As c ,, which persists when this defect is 
present at the surface, but which is shifted in energy), and (2) dangling-bond deep levels (which are 
also shifted in energy according to the environment of the dangling bond). Most of the observed 
Schottky barriers—for both III—V and Group IV semiconductors—are attributed to dangling 
bonds. 


I. INTRODUCTION 

Schottky barriers have long been of interest, and many mi¬ 
croscopic mechanisms and phenomenological pictures have 
been hypothesized to explain them. Nowadays, however, the 
theorist is considerably more constrained by the body of ex¬ 
perimental findings than he was only a few years ago. It is no 
longer sufficient to offer a theory that fits only a limited set of 
Schottky barrier data. A theory- now must also explain the 
related data on Fermi-level pinning at submonolayer cover¬ 
ages of various metals and other chemical species. 1-15 For 
example, the experiments of Williams and co-workers 5-7 in¬ 
dicate that n-InP exhibits two distinct Fermi-level pinning 
portions, even for thick metal depositions—one just below 
the conduction band edge E c and the other about 0.5 eV 
below £ c . Recently Monch and Gant 11 discovered that the 
i‘>. .ii-level pinning forp-GaAs anneals out at the annealing 
temperature of an antisite defect. A satisfactory theory of 
Schottky barriers must explain such obser\ ations in addition 
to successfully predicting Schottky barrier heights. 


Here we review various microscopic mechanisms that 
have been proposed to explain Schottky barriers and Fermi- 
level pinning, and we exa;* !ue to what extent these mecha¬ 
nisms are compatible with the experimental data. 

It. POSSIBLE MECHANISMS 
A. The classic Schottky mechanism 

The original interpretation of Schottky barriers—that 
which is associated with Schottky himself (and other early 
workers)—is that charge transfer between semiconductor 
an 1 metal results in a dipcie layer at the interface and an 
equilibration of Fermi energies. According to this interpre¬ 
tation. we have 

= W-X> U) 

where a B is the barrier height, H' is the work func.. >n of the 
metal, and^- is the electron affinity of the semiconductor. 16 
Equation (1) is violated for III—V and Gro>m JVr tmicenduc- 
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tors, 2-15 and this is essentially the reason that Bardeen ori¬ 
ginally proposed Fermi-level pinning by surface states of 
some kind. However, Eq. (1) may be consistent with the mea¬ 
surements for some more ionic systems, such as some 11-^ 
Vi’s, and for relatively nonreactive metals (the noble metals, 
Au and Ag) on GaSe. Since GaSe is a layered material ex¬ 
pected to have a low concentration of defects, this observa¬ 
tion indicates that nearly defect-free surfaces can exhibit 
"Schottky" type Schottky barrier formation. 

B. Fermi-level pinning 

Bardeen proposed that Schottky barrier heights are due to 
Fermi-level pinning by surface states, either intrinsic or ex¬ 
trinsic.' The essential feature of the Bardeen model is that 
the Fermi energies of the bulk semiconductor, the semicon¬ 
ductor surface, and the bulk metal must align—and that 
charges diffuse, causing band bending, until this alignment is 
achieved. Much of the current interpretation of Schottky 
barrier formation is based on this Fermi-level pinning mod¬ 
el—-with many of the current controversies centered on the 
issue of what agents do the Fermi-level pinning at specific 
metal/semiconductor contacts prepared under specific well- 
defined conditio'is 

1. Intrinsic surface states 

Since the mid-1970’s, it has been known that there are no 
intrinsic surface states in the band gap for the (110) surface of 
GaAs,' 7 ' 19 and s< such states cannot account for the ob¬ 
served Schottky carriers and Fermi-level pinning on this 
surface. Th“ ■ .ne conclusion appears to apply to other di¬ 
rect-gap III-V semiconductors like InP. In the case ofGaP, 
there arc intrinsic (110) surface states within the band gap, 20 
but these states are just under the conduction-band edge, 
whereas the observed Fermi-level pinning position for n- 
GaP (110) is much lower in the band gap—at an energy in 
good agreement with the predicted acceptor level for the 
surface ar.tisite defect P 0t , 21 

2. Metal-induced gap states 

Tht possibility of metal-induced gap states at semicon¬ 
ductor/metal interfaces has been discussed by a number of 
workers.' 6,22 ' :)0 Such states should be properly treated 
th’ougl a microscopic calculation in which semiconductor 
atoms are bonded to metal atoms. Only a calculation of this 
kind—with the interface electronic states obtained by solv¬ 
ing Schrodinger’s equation at the semiconductor/metal in¬ 
terface in an atomistic picture—constitutes a proper micro¬ 
scopic theory - Some treatments of metal-induced gap states, 
however, have been based on plausibility arguments or very 
crude approximations, with a consequent loss of reliability. 

In principle, metal-induced gap states can produce 
Schottky barriers and Fermi-level pinning. In practice, how¬ 
ever, they do not seem to explain the observations on those 
systems that have been studied up umil now. There are sev¬ 
eral difficulties in trying to explain the observations with 
metal-induced states. (1) There is a clear connection between 
Schottky barriers for thick metal contacts and Fermi-level 
pinning for submonohyer coverages of metal 2 ' 15 , i.e., a the- 
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ory of the former is also required to be a theory of the latter. 
Metal-induced gap states, however, are supposed to extend 
into the bulk of the metal, and so they are not even defined for 
submonolayer coverages. (2) Theories of metal-induced states 
predict a single barrier height for each semiconductor, al¬ 
most independent of the metal in the metal/semiconductor 
contact and insensitive to surface treatments. They, there¬ 
fore, fail to explain why two distinct Schottky barrier heights 
are observed for n-InP. 5 ' 7 (3) Schottky barrier heights are 
often not very much affected when an oxide layer is inserted 
between the semiconductor and thg metal (see, e.g., Ref. 5), 
whereas mctal-induced gap states require an intimate semi¬ 
conductor/metal contact; i.e., meta.'-i, duced gap states do 
not appear to explain real-world Schottky barriers, which 
often involve an oxide layer at the interface. (4) Metal-in¬ 
duced states do not apply to semiconductor/nonmetallic in¬ 
terfaces, like the GaAs/oxide interface, which exhibits 'he 
same Fermi-level pinning as metals. 2-4,8 ' 14 (5) The states as¬ 
sociated with any adsorbate—metal or otherwise—cr n be 
expected to depend strongly on the chemical identity o r the 
adsorbate. Fermi-level pinning positions and Schottky bar¬ 
rier heights, however, are often about the same for a variety 
of adsorbates. 1 ' 15 (6) Estimates indicate that the dipole pro¬ 
duced by metal-induced gap states will often be at least an 
order of magnitude too small to account for the Schottky 
barrier height. 31 (7) The Fermi-level pinning for p- GaAs 
(110) anneals out at the annealing temperature o.'un antisite 
defect 1 ‘—a fact that is difficult to explain in a metal-induceo 
gap-state picture. 

3. The Spicer defect model 

The fact that measurements on several III—V semiconduc¬ 
tors (GaAs, InP, and GaSb) provided strong evidence for 
Fermi-level pinning—together with the fact that experi¬ 
ments also indicate that these materials have no intrinsic 
surface states within the band gap—led Spicer and co- 
workers 2-4 to propose the defect model. In this model, che¬ 
misorption (or cleavage) produces defects of some kind, and 
these defects tr .'e rise to deep (or shallow) ievels that account 
for the observed Fermi-level pinning and Schottky barrier 
formation. 

The original Spicer defect model was phenomenological, 
and did not specify the preuse nature of th» defects responsi¬ 
ble for barrier formation. 0> .r the past se eral years, we 
have attempted to provide a microscopic the,., v by perform¬ 
ing detailed calculations for pa. ...ulur defe. • . 32 * 44 We find 
that the principal experiment;:, observations are well ex¬ 
plained by the theoretical results fo* a few simple defects. 

For example, I >.. 1 shows the interpretation of the ob¬ 
served Fermi-levei pinning positions ^nd Schottky barrier 
heights for various metals and, ther chemical speces depos¬ 
ited on the (110) surface of/i-In!\ 5 The fact that there are two 
observed barrier heights for th.s single semiconductor finds 
a natural explanation in the defect model—namely, there a. e 
two different native defects involved ;<n addition to possible 
surface impurities). Nonreactive metals p.oduce antisite de¬ 
fects, and reactive netals produce v acancies’’ ’ is the domi¬ 
nant defects. The observed “swi.vhing" of barrier heights 
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Ni Fe Al O.CI, S.Sn 

, Cu Ag Au 

E? 



Heat ol reaction 

l«virr«(ai 410m) 


(a) experiment- .theory 

Pinning levels tor n-lnP 

Fig. 1. Surface Fermi enerjy of n-type InP v$ heat of reaction of InP'with 
the metali Ni, Fe, Al, Cu, Ag, and Au, according to Ref. 3. The theoretical 
surface defect levels for the ? vacancy (S',), the native antisite defects (In, 
and P,„), and the extrinsic impurities S on a P site (S,) and Sn on an In site 
(Sn,„), are given at the right. The n-InP data can be interpreted as follows: 
Nonreactive metals produce antisite defects: reactive metals and treatment 
of the surface with oxygen and Cl produce P vacancies. Treatments with Sn 
and S produce surface Sn,, and S r . After Refs. 37 and 38. 


Sp, Sn In 


-’Ihp 


shown in Fig. 1 provides an inilia! tut racial test for any 
theory of Schottky barriers. 

In Fig. 2, the experimental 2 “ ,/M1 and theoretical 33 levels 
for GaAs (110) are compared. Notice that there are again 
two acceptor levels predicted by the theory for surface anti* 
site defects, in accordance with the experimental observation 
of two distinct Fermi-level pinning positions for the single 
semiconductor n-GaAs. 9-11 

In Fig. 3, we show the comparison of experimental and 
theoretical Schottky barrier heights, with the barrier (for Au 
contacts) assigned to the surface antisite defect, cation-on- 
anion-site (e.g., Ga*,). The level of quantitative agreement is 


GaAs, GaAs surface 
experiment - 


♦ 


"etiemisoroticn “cleavage As Ga 

-related" -felted" G3 AS 

Fig. 2. Experimental Fermi-I.vel pinning positions forn- and p-type GaAs, 
(Refs. 2-4 and 8-11) compared with theoretical predictions for surface anti¬ 
site defects (As*,, and Ga AI ). Solid circles refer top-type GaAs (experiment), 
or to donor levels which will produce Fermi-level pinning on p-GaAs (the¬ 
ory); open circles refer to n-GaAs, or to acceptor levels which will produce 
pinning on n-GaAs. 
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Fio. 3, Schotuy barrier height <j>, as function of alloy composition* for Au 
contacts to a-type AI,.,Oa,As, GaAs,.,P,, Ga^ln.P, InP,.,As,, 
and In,., Ga, As, after Ref. 39, where the source of the experimental data 
are cited. The theoretic: ’ ;i-r heights correspond to the antisite defect 
cation-on-anion-site (e.g., Ga,,). 


fortuitously good, in view of the fact that there are uncertain¬ 
ties in the theory of several tenths of an eV; i.e., we do not 
claim that the theory can predict Schottky barrier heights to 
within ,0.1 :V! However, we regard Fig. 3 as dramatic evi¬ 
dence that he defect model does provide a very satisfactory 
explanation of Schottky barrier heights as well as Fermi- 
level pinning. 

As the above examples make clear, the theory indicates 
that most observations of Schottky barriers and Fermi level 
pinning for III—V semiconductors are explained by surface 
aritisite defects (with vacancies also involved in a few cases). 
The aritisite defects’ deep tevels that are responsible ‘or Fer- 
mi-leve! pinning invariably have dangling-bond character. 
For Group IV semiconductors, however, there are no anti- 
site defects. In this case, an even simpler type of the defect 
suffices to explain the observations—namely, dandling 
bonds. These dangling bonds must have a neighboring voiu, 
vaettr ey, or disordered region into which they dangle; other¬ 
wise,, their energy levels would be severely altered by the 
met,7.1 of the metal/semiconductor contact. Therefore, we 
ref, r to them as ‘’sheltered,” 38 and recognize that a sheltered 
amisite defect is essentially a (vacancy, antisite) pair. 

As described in some detail in Refs. 40-43, dangling 
oonds provide a very good explanation of the experimental 
measurements for Si, Ge, diamond, and amorphous Si inter¬ 
face’1 with various metals. 45-51 For example, on the right- 
hand side of Fig. 4 we compare the theoretical dangling bond 
energy with the experimental Fermi-level position for 
Group IV semiconductors (inferred from the Schottky bar¬ 
rier height <f> B for Au contacts, as described in the figure 
caption). It can be seen that theie is good agreement between 
theory and experiment, with respect to both chemical trends 
and the position of the energy within the band gap.’ This 
same level of quantitative and qualitative agreement is found 
for various other systems—notably, for the technologically 
important Si/transition-metal-silicide contacts. 40 

In Fig. 4, we also show the cation dangling-bond energies 
for III—V semiconductors, together with the experimental 
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Fic, 4, Surface Fermi energy for n-type semiconducti -x, inferred from 
Schottky barrier measurements (using = £f -Ef, wh.ved* is the bar¬ 
rier height, and E f and Ef are, respectively, the conduction band mini¬ 
mum and the Fermi energy at the semiconductor surface), compared with 
the surface Fermi energy predicted for dangling bond defects, The sources 
for the data are cited in Refs. 39 (III—V semiconductors! and Ref, 42 (Group 
IV semiconductors). Both the chemical trends and the positions within the 
band gap are predicted correctly for the Group IV semiconductors. For the 
III—V semiconductors, the chemical trends are predicted correctly, but the 
positions within the band gap are too high by 3/4 eV. This indicates that i.ie 
relevant dangling bonds are associated with antisite defects for the III-V’s, 
whereas simple dangling bonds explain the data for the Group IV's. 


surface Fermi-level positions (inferred from the Schottky 
barrier data displayed in Fig. 3). Since the cation dangling 
bond state is empty (an acceptor), it would provide Fermi- 
level pinning on n-type III—V semiconductors if dangling 
bonds were responsible for Fermi-level pinning on these ma¬ 
terials. (The anion dangling-bond state is filled—a donor— 
so it would provide pinning on p -type III-V’s.) 

Two interesting facts are evident on the left-hand side of 
Fig. 4: (1) The cation dangling bond does a remarkably good 
job of reproducing the chemical trends of the measurements. 
(2) However, it does a rather poor job of reproducing the 
positions of the measured ei.ergies within the gap. In fact, 
the cation dangling-bond energy is about 3/4 eV too high to 
explain barrier heights and Fermi-level pinning on n-type 
III—V semiconductors. 

Although we do not display the results here, we have also 
calculated the anion dangling-bond energies. 52 These are 
found to be too low by about 3/4 eV to explain barrier 
heights and Fermi-level pinning on /’-type semiconductors. 

Although intrinsic dangling bonds do not appear to pro¬ 
duce deep levels in agreement with the measurements on 
III—V semiconductors, it is important to emphasize that the 
levels that v. e invoke to explain Schottky barriers and Fermi- 
level pinning—for example, the levels of Figs. 1-3—are in 
most cases due to antisite dangling bonds. We note that the 
antisite dangling-bond energies typi.-ally “undermine" the 
intrinsic dangling-bond energies, in that the antisite acceptor 
levels lie lower than the intrinsic dangling-bond acceptor 
levels, and it is the lowest acceptor level that tends to produce 
Fermi-level pinning for an n-type semiconductor. [For ex¬ 
ample, compare the GaAs cation dangling-bond gap deep 
energy level of Fig. 4 with the lower GaAs antisite dangling- 
bond level (lower open circle) of Fig. 2.] 

In order for a defect to be relevant to Schottky barrier 
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•formation, of course, it must be present in appreciable con¬ 
centration. This means about 1 surface defect.per 100 surface' 
atoms, according.to our calculations, and those of Spicer et 
a/. 5 -' (For bulk defects, the screening of the semiconductor, 
with dielectric constant e~10, implies that an order of mag¬ 
nitude more defects are needed—about 1 bulk defect per 10 
surface atoms. 5,4 ) However, we do not find it implausible that 
there may be a rather high concentration of intrinsic and 
antisite dangling bonds at the rather disordered—and,- un¬ 
fortunately, not yet completely characterized—interfaces 
between III—V semiconductors and metals. In fact, Monch 
et a/." find that for the “mild" Ge on GaAs system, at low 
coverage (=0.5 monolayer), states (defects) are created at a 
rate of 0.06 + 0.04 per deposited Ge atom, which for a cov¬ 
erage of on'y a single monolayer corresponds to between 1 
defect in 10 and 1 defect in 50. If III—V semiconductor/ 
metal interfaces exhibited perfect bonding and perfect order, 
then the defect model would be inapplicable. However, as 
evidenced above, we believe that such interfaces are not in 
fact perfectly ordered as they are grown currently in the 
laboratory. 

III. CONCLUSIONS 

The present theory of Schottky barriers and Fermi-level 
pinning by native defects provides a very satisfactory expla¬ 
nation of the experimental observations for both III—V and 
Group IV semiconductors. This theory involves two types of 
defect levels: 

(1) Bulk-derived interfacial defect levels, such as the 
As 0t donor level of Fig. 2. This s-like level is derived 
from the bulk As a , A, donor level, 52 and is merely shift¬ 
ed in energy at the surface. 55 

(2) Dangling bond levels. The observations for Group 
IV semiconductors—Si, Ge, diamond, and amorphous 
Si—are explained by intrinsic dangling bonds. 40 " 43 The 
observations for III—V semiconductors—GaAs, InP, 
etc., and their alloys—are explained in most cases by 
dangling bonds associated with antisite defects, such as 
As on the Ga site and Ga on the As site. In some cases, 
such as reactive metals on n-InP, surface vacancies— 
which involve intrinsic dangling bonds—appear to be 
involved. 

Our theory of Schottky barriers is thus primarily a theory 
of Fermi-level pinning by dangling bonds. 
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Predictions of the cnctgy band gaps as functions of alloy composition are given for the Greene al¬ 
loys, which are metastable, crystalline, substitutional alloys of III-V compounds and group-IV ele¬ 
mental materials. All possible combinations of these alloys involving Al, Ga, In, P, As, Sb, Si, Ge, 
and Sn are considered. The T and L conduction-band minima, relative to the valence-band maxima, 
exhibit characteristic T-shaped bowing and kinks as functions of composition x; the band edge; at 
point .V bifuicate at critical compositions corresponding to the order-disorder tran;-« ion of Newman 
ct al. The T-shaped bev.ing due to the transition offers the possibility of band gaps significantly 
smaller than expected on the basis of the conventional virtual-crystal approximation. Alloys with 
modest lattice mismatches that are pVedicted to have especially interesting band gups include 
(InP)i_*Gev,, (AlSblj.xSn;,, (GaSb),_xSni,, and (InAs)|_,Sni,, which are alloys with potentially 
small band gaps, and (AIAs)|_,Gcii and (GaAs)|_ x Sii,, which are alloys with larger gaps and 
several interesting band-edge crossings as functions of composition. 


I. INTRODUCTION 

Recently, Greene and co-workers have fabricated a new 
class of semiconducting alloys for a wide 

range of compositions. 1 " 4 The III-V compounds and 
group-IV elemental materials are normally immiscible at 
equilibrium, 1 but can be forced to mix by ion bombard¬ 
ment during growth. The tesulting materia), in the case 



0.0 0.5 1.0 

x 


FIG. 1. Predicted bant! gaps at points P, L, and X versus al¬ 
loy composiVon for (GaSO |_xSnv,. Kinks are s-sn in the I* and 
L levels and the level at point X bifurcates at the assumed criti¬ 
cal composition of Newman's zinc-bleno'e-to-diamond phase 
transition, x c -.-0.3. The gap is direct for all compositions, 
ranges from ~0.6 to zero and decreases slowiy as a function of 
composition from 0.15 -V to zero for compositions greater than 
the critical composition. 
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of (GaAsJi.xGev, or (GaSb)|_ x Gcv,, is a metastable, 
crystalline, substitutional alloy with a lifetime at room 
temperature of order 10 :9 years. 6 The fundamental energy 
band gap of (GaAsli^Gev, has been determined from 
optical-absorption measurements and shows a nonparabol¬ 
ic T-shaped bowing as a function of alloy composition x 
(Ref. 7), A T-shaped band gap cannot be -xplained using 
the conventional virtual-crystal approximation, which 
gives approximately parabolic e 'wing. This T-shap> ,J 
bowing is explained, however, with a zinc-blende-to- 
diamond, order-disorder phase transition. 8 

A theory for this transition has been developed by New¬ 
man et n/. 8 " 10 and applied to (GaAs)|_ x Gev,. As seen in 
Fig. 1, where the theory is evaluated for the conduction- 
band minima near points T, L, and X for (GaSb)|_ x Snv,, 
the fundamental band gap exhibits a T-shaped bowing as 
a function of composition, with a kink a: the critical com¬ 
position x e . This theory also gives smaller gaps than 
those of the conventional virtual-crystal approximation. 

In this paper we apply this theory to the entire class of 
alloys involving all possible combinations 
of Al, Ga, In, P, As Sb, Si. Ge. and S'., arid we predict 
the energy band edges for thc-e new metastable materials 
as functions of alloy composition .v. We also establish 
general rules for understanding the chemical trends in the 
band gaps and for choosing a metastable (/l !I1 R v )i_ x A' 2 i 
alloy with a desired energy band gap. 

II. THEORY 

The central idc.*. of the present work is that all of the 
(A m B'' li_ x A'£ in-tasiable alloys should exhibit an 
order-disorder transition from an ordered zinc-blende 
structure tin which cations “knoW which sites are sup¬ 
posed to be cation sites) to the disordered diamond struc¬ 
ture in which there is no distinction between anion and ca¬ 
tion sites. The critical composition x c at which this tran- 
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sition occurs depends on the growth conditions of the al¬ 
loy. 

In developing a theory' of the electronic structures of 
these alloys, we must remember that very little is present¬ 
ly known about these new and interesting materia!*.. 
Many of the metastable alloys have not yet been grown; in 
most cases, satisfactory growth conditions are not yet 
known; and it is not yet definitely known if any of the 
Greene alloys other than (GaSb!|_,Ge lt exhibits the 
order-disorder transition [which should be detected in x- 
ray diffraction as the disappearance of the (200) zinc- 
blende spot as x approaches x e from below]." These 
facts are important in defining the nature of the theory 
that is appropriate at this time; it should be global and 
simple, rather than detailed and excessively quantitative. 
With this in mind, we assume both that all of the Greene 
alloys exhibit the Newman ci at. transition, and that there 
exist growth conditions that will result in a critical com¬ 
position x c =0.3, the value appropriate for the two alloys 
grown to date by Greene and co-workers: (GaAs)|_^Gev, 
and (GaSb)|_ x Gev, (.v f is probably experimentally adjust¬ 
able). 11 We then predict the band structures (as functions 
of alloy composition x) of the remaining M ni fl v )A'li 
metastable alloys with the intent of determining which al¬ 
loys are likely to exhibit interesting and useful electrou.'e 
structures—thereby targeting specific alloys for priority 
growth. Thus, we present these calculations in order to 
predict which materials are most likely to be interesting, 
rather than pretending to specify the band structures with 
any precision. 

A. Order-disorder transition 

The order-disorder transition involves a change of sym¬ 
metry from the zinc-b!e::de structure to the diamond- 
crystal structure. In this transition, the distinction be¬ 
tween anion and cation sites is lost. The relevant order 
parameter is: 9 

Mix)~ (Pm ) C an 0 n— (* !, ||| Jjnion • ID 

where we imagine a zinc-blende lattice with sites labeled 
nominally “cation" and "anion," and (P w is the 
average over all the lattice sites of the prebmility that a 
column-III atom occupies a nominal cation site. Thus 
Mix) is proportional to the average electric dipole mo¬ 
ment per unit cell. The order parameter depends on the 
growth c mditions te.g., substrate temperature, ion- 
bombardment energyj as well as on the composition .v. 
For a completely ordered zinc-blende alloy, in which all 
column-ill (column-V) atoms occupy nominal cation 
(onion' sites, we have M = 1 —x. If all the cations are on 
anion sites and the anions are on cation sites, we have 
merely mislabeled the nominal lattice and the order pa¬ 
rameter is .v — 1. For the metastaole ordered p? use 
(x<.v c =0.3), we have 0< jA/(.v>| < j — x. For the 
disordered diamond phase (.v >x f ), we ha'e A/ =0. 

The theoretical problem posed by the Green, alloys is 
that of predating the e!.:.Jc structure of metastable al¬ 

loys which are described u\ the order pa'ameier M‘x). 
Thus, we nvi't first execute a non-equilibrium phase- 
transition i!,. of Mix) and then calculate the changes 
of the electronic structure as the alloys 'with different 


composition x) undergo the order-disorder transition. 
Newman showed that this formidable problem could be 
solved by breaking it into four connected parts: (i) an 
equilibrium phase-transition theory of the order parame¬ 
ter M (a- ), based on a three-«>r:ponent “spin”- 
Harr.iltoninn model similar to the Illume, Emery, Grif¬ 
fiths model 15 of Hc J -He 4 solutions. [Spin-up, spin-down, 
or zero at a site in (GaAs;,_^Ge 2i signifies occupation of 
that site by Ga, As, or Ge, respectively.] .'iil Introduction 
of the nonequilibrium character of the alloys by eliminat¬ 
ing those equilibrium phases that cannot be reached due 
to growth conditions (e.g.. phase, separation, which occurs 
at equilibrium, is prevented because characteristic growth 
times are small in comparison with the time required for 
the phases to diffuse apart); (iii) mutual elimination of 
two unknown parameters of the spin-Hamiltonian model, 
i.e., a spin-coupling const: nt J and an effective growth 
temperature T, in favor of one empirical parameter, the 
critical composition * f ; u and (iv) evaluation of the elec¬ 
tronic structure using a modified virtual-crystal approxi¬ 
mation and a tight-binding model !! whose matrix ele¬ 
ments depend parametrically on the order parameter 
M(x‘,x e ). Thus, in the Newman approach there arc two 
Hamiltonians: (i) a spin-Hamiltonian for treating the 
order-disorder transition and for calculating the order pa¬ 
rameter Mix-,x ( ) and Ci) an empi^cal tight-binding 
Hamiltonian—that depends parametrically on 
M (,v \x e )—for calculating the electronic structure. 

B. Spin-Hamiltor.ian model 

Newman et <?/. have shown that a III-V compound 
semiconductor such as GaAs can be modeled in a spin- 
Hamiltonian language as an "antiferromagnet" where 
spin-up or spin-down on a site represents occupation h> a 
group-111 atom or a group-V atom, respectively. Thus 
GaAs, with altemcing Ga and As atoms, in this 
language, is an “antiferromagnet." The "magnetization" 
is proportional to the net electric dipole moment p.-r unit 
cell, Eq. (1), and for zero-temperature GaAs at equilibri¬ 
um, equals unity. In metasta'ri; alloys, 

such as (GaAsli^Gei,, occupation of a site by a 
column-IV atom such as Ge is represented by "spin" zero. 
If the Ge were to occupy both anion and cation sites 
without disturbing the occupation of these sites by Ga and 
As, then the order parameter would be A/(.x)=l—’ x. 
However, M is not 1 — x because Ge tspin zero.* dilutes the 
"magnetization" Af (a- ;.%>) of this "antiferromagnet." by 
removing nonzero "spins" at various sites, until there is 
insufficient "spin-spin” interaction for an average site to 
"know" it should have spin-up or spin-down. With a suf¬ 
ficient concentration x of dilutants ttha< depends on tem¬ 
perature}. she "magnetization" vanishes, and the system 
undergoes a phase transition, from an "antiferromagnet¬ 
ic" zinc-blende state with A/---h to an "unmagnetized" 
pbi.se (A/ =0;. That is, as Ge dilute- - GaAs. an average 
cation site is no longer fully surrounded by As atom* and 
no longer feels electronically compelled to be occupied by 
a Ga atom rather than an As atom. The average electric 
dipole moment A/(.v» of the order*! zinc-blende p : a' : e de¬ 
creases and the system undergoes a transition from an or¬ 
dered zinc-blcn.’e phase :n v hich 3a atoms preferentially 
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occupy nominal cation sites to a disordered (A/ =0) dia¬ 
mond phase in which there is no distinction between, 
anion and cation sites. Newman constructed a spin- 
Hamiltonian model of this order-disorder transition. The 
important physical parameter of this Hamiltonian is a 
nearest-neighbor spin coupling (which is related to ener¬ 
gies of interaction of the pairs of atoms V-V, III-III, and 
III-V). The Hamiltonian, when treated in a mean-field 
approximation, yields the following equation for the order 
parameter M{x‘,x c h 

tanh((M/( I-x c )] = (.Vf/(!-*)] , (2) 

where x ( is the critical composition of the order-disorder 
transition. ! 

C. Tight-binding Hamiltonian 

The electronic structure calculations are based on an 
empirical, ten-band, second-nearest-neighbor, tight- 
binding theory, which employs an sp*s' basis at each site 
of the zinc-blende lattice. The on-site and nearest- 
neighbor matrix elements of this model have been ob¬ 
tained previously by Vogl et al., u who fit the known band 
structures of many III-V compounds and group-IV semi¬ 
conductor. The Vogl matrix elements are augmented by 
one or two second-neighbor parameters 16 (see Table I) in 
order to obtain a better fit to the band structures of these 
semiconductors at the L point of the Brillouin zone. (The 
Vogl model was designed to fit the conduction-band struc¬ 
tures well near points T and ,Y.) The on-site matrix ele¬ 
ments for these many semiconductors exhibit manifest 
chemical trends thai depend only on .he atomic energies 
of the atom on the site, to a good approximation. The 
off-diagonal nearest-neighbor matrix elements are inverse¬ 
ly proportional to the square of the bond length d, accord¬ 
ing to the rule of Harrison et a/. 17 For our purposes the 
important physical parameters of the tight-binding Ham¬ 
iltonian are the on-site energies of the column-ill, -IV, 
and -V atoms, which we shall interpolate using a general- 


TABLE I. Second-neighbor parameters. Note here that 
eip x a,p,a‘)=:e\p,c.p,c') and €(so,p J: a)=e{p I e,sc‘). See Ref. 16 
for details. 


Semiconductor 

e(sa,pj,a‘) 

et p x a,p,a‘) 

All* 

1.990 

0.000 

AlAs 

1.S30 

-0.876 

AiSh 

0.101 

0.000 

GaP 

0.641 

0.000 

GaAs 

0.464 

O.COO 

GuSb 

0.6SS 

0.000 

InP 

0.368 

0.000 

InAs 

0.1 S7 

0.000 

InSb 

0.107 

0000 

Si 

0.000 

0.146 

Ge 

0.157 

0.000 

Sn 

0.000 

0.056 


ized virtual-crystal approximation. 6 The on-site matrix 
elements are interpolated according to Eq. (3), as are Vd \ 
where V is the off-diagonal matrix elements and d is the 
bond length of the alloy predicted by Vegard’s law: 18 
d (.*) = (1 —.x W m .v +xd lV . 

We expect thes<_ (A lll Z? v )._ J( A’;:* alloys to satisfy ade¬ 
quately the Onodera-Toyozawa 16 criterion for an "amal¬ 
gamated" electronic spectrum, since the variations in on¬ 
site diagonal matrix elements are small in comparison 
with nearest-neighbor transfer matrix elements. 20 There¬ 
fore, we expect them to have relatively well-defined band 
structures which can be described (in a first approxima¬ 
tion) by a mean-field theory of the virtual-crystal type. 
They cannot be treated with the ordinary virtual-crystal 
approximation, however, because (in the disordered "dia¬ 
mond" phase, in particular) they contain many antisite 
atoms (e.g., a column-111 atom on a nominal anion site)— 
and the usual virtual-crystal approximation does not allow 
for antisite atoms. We circumvent this problem by using 
the generalized virurd-crystal appr jximation, 6 which has 
virtual anions and cations such that the virtual cation is 
(schematically): 

[; 1 -x +.W/2M H, + l( i -AT —A/)/2)S v +.T,Y iv . (3) 

Here, d 111 , X lv , and 5 V represent the column-III, -IV, 
and -V atoms, and Af(x;x e ) is the order parameter (1) of 
the order-disorder transition, obtained by solving Eq. (2). 

III. RESULTS 

The energies of the band edges (relative to the valence- 
band maximum, which is defined to be the zero of energy) 
are given in Fig. 1 for (GaSW^^Sn^. Corresponding 
results for all possible (<4 m fl v )|«.j,fYjJ( alloys are given in 
Figs. 2—4. The T conduction-band minimum occurs at 
k-t0,0,0) in the band structure. The edges labeled :» and 
A refer to the conduction minima near the »1,0,0) and 
(y, y,y) points, respectively (i.e., near points A* and L). :| 
For k at the A' point -:C the Brillouin zone, the 
conduction-band edge actually bifurcates as a function of 
alloy composition at the critical composition .x f , produc¬ 
ing roth an «Y t and an A'j minimum in the zinc-blende 
(ordered) phase for x <;x e , but only one minimum for 
x>.v f in the diamond (disordered) phase. This bifurca¬ 
tion is reflected in the dependence of the minima along 
the A line as functions of composition x (see Fig. 4), be¬ 
cause these minima lie at wave vectors near point X. The 
relative minimum at point T, when plotted as a function 
of composition x, exhibits a kink at x e , as does the band 
edge at the L point. The minimum in the A direction re¬ 
flects the kinked behavior of the nearby L point. 

In addition to the dependences on alloy composition x, 
there are discernible trends depending on the positions of 
the atoms in the Periodic Table. To facilitate quantifica¬ 
tion of these trends, we define an effective average atomic 
number: 

(Z) =xZ,\ -r (1 —.v)(Z|u -r Zv )/2 , (4) 

where, for example, Z m is the atomic number of the 
coiumn-IIi atom. Figure 5 shows that the i\ A, and A 
band ed s -a tend to dev.ease in energy with increasing 
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FIG. 2. Predicted band gaps of [A n, B v )|_ x Sij, alloys versus x, for the following II1-V compounds: A1P, AlAs, AlSb, GaP, GaAs, 
GaSb, InP, InAs, and InSb. Lattice mismatches, defined by Eq. (3), are shown. Kinks can be seen in the T, A. and A levels at the as¬ 
sumed critical composition x c =0.3. The A minimum generally lies some distance from the .V point in our tigh'.-binding model, so the 
strict, bifurcation at the X point is not clearly visible. The kinks near * = 1 arc due to a crossing of the r' ! and levels. 


(Z), with T decreasing most rapidly and A decreasing 
least rapidly with (z). This trend can be exploited for 
example, to find metastable alloys with small fundamental 
band gaps for possible applications in infrared photogra¬ 
phy; The smaller gaps are associated with large average 
atomic numbers. Hence (GaSbl^Sn;*, with average 
atomic numbers ranging from 36.5 to 59, should be ait in- 


ter.'sting small-band-gap material, provided its electronic 
transport properties can be made suitable for device appli¬ 
cations. 

Predicted band gaps of the metastable zinc-blende- 
diamond Greene alloys fabricated from Al, Ga. In, P, As, 
Sb, Si. Ge. and Sn are shown in Figs. 2—4. General 
trends follow those of the prototypical alloy 
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FIG. 3. Predicted band gaps of ..l ni 5 v )|_ x Ge^t alloy versus x, fui the following UI-V compounds: AIP, AlAs, AlSb, GaP, 
GaAs, GaSb, InP, InAs, and InSb. Lattice mismatches, defined b> Eq. (5), are shown. Kinks can be seen in all levels, at the assumed 
critical composition x c =0.3. For some alloys, notably (InP)|_,Gei, for > <0.4 and (InAsli.^Ge^ for x <0.5, the A minimum 
occurs at the X point in our tight-binding model and the strict bifurcation a: point X is clearly visible. 


(GaSb)i_j(Sn;*, shown in Fig. 1. All alloy band gaps ex¬ 
hibit kinks at x c as a function of composition. There is 
always at least one kin!: in the minimum conduction-band 
edge at x =x c , due to the phase transition. This kink is 
not associated with a crossing of the band edges, although 
these types of effects can also be seen at other composi¬ 
tions. For example, in (InPl^Gev, (Ref. 22) at 
*=0.85, the conduction band at T crosses with A and 
the alloy goes from being a direct-gap semiconductor to 


one with an indirect gap. 

The alloys with the smallest lattice mismatches 

Aa/a =(fl|v — 0|ii.v)/O|v (5) 

are especially interesting. We focus pnmaniy on alloys 
with A a/a <0.07. Values of A a/a are given in each Fig¬ 
ure. 

Since the details of the band gaps for ihese alloys de¬ 
pend on the c.ms'iii-cnts, we summarize det nls below fig- 
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FIG. 4. Predicted band gaps of (<4 ,ll 5': l _ l Sn ! , alloys versus x, for the following III-V compounds: AlP. AlAs, AlSb. GaP, 
GaAs, GaSb, InP, in As, and InSb. Lattice mismatches, defined by Eq. (5), arc .shown. Kinks can fce seen -n all le\el$, at the critical 
composition x e =0.3. For some alloys, notably (InP)|_,Snv, for .v <0.6 and (InAsli.^Snv, for x <0 5, the A minimum occurs at the 
X point in our tight-binding model and the strict bifurcation at point X is clearly visible. 


ure by figure. Figure 2 displays predicted band edges for 
zinc-blende materials combined in metastable alloys with 
Si. Th-!«e with the smallest lattice mismatches arc 
(AlPli^Siv, (Ac /a = -0.004), (AJAs>i_ JC Si 2jc (-0.043). 
(GaP)|_. c Si Ix (-0.004). and (GaAs),_ x Si ;x (-0.043). 23 
Thus, of this class of .vell-lattice-r latched alloys, one is 
restricted to materials with {Z)< 23. The fundamental 
band gaps of these alloys vary from 1.17 eV for Si to 2.5 
eV for ordinary AlP. 23 These gaps tend to have only one 


kink, at the critical composition .v =.\., because the fun¬ 
damental gap, like that of Si, is along the A t line for all x, 
and does not cross T or A [the exception being 
(GaAsli-jcSivt for which we find crossings from f to A 
to A as a function of increasing composition}. The kink 
in T for a- 2 -, 0.8 is due to mixing of this level 23 and a r’ 5 
level not displayed (Si has r x ‘ < F^). In contra: t to the 
small-lattice-mismatched materials, the heavily strained 
alloys (see the last row of Fig. 2), all show multiple band- 
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FIG. 5. Trends of the (a) T, (bJ A, and lc> A band edges 
versus average atomic number <Z>. The relevant energies for 
the 1/4 Hl fl' alloys in question lie within the boxes of the 

ngures VI-nce those at T and A, in particular, tend to decrease 
with inorea.ing (Z ). 


edge cros ngs from T to A to A as a function of. increas¬ 
ing composition, x. 

Figure 3 gives band edges for zinc-blende materials in 
metastable fixtures with Ge. Those with the smallest lat¬ 
tice mismatches are (AiPb^Gei* •Ao/a =--0.037), 
(AIAs)|_ x Ge^ (0.0), (Ga R ),_^Ge lt '0.037), 
(GaAsJ^^Gevj (0.0), and (InPli.^Ge^ (—6.037). In this 
class of alloys we are restricted to well-lattice-matched 
materials with (Z) <32. The band gaps o? these alloys 
vary from 0.1 eV for (InP)|_,Ge 2x at x = o.3 to 2.5 for 
ordinary A1P. The band gaps of these alloys have cross¬ 
ings from A to T to A for (AIPJi^Gev, and 
<.AiAs)|_ JC Gev, and from T to A for the others. Of the 
remaining alloys with larger mismatches, some, such a- 
(InAs)|_^Gev, and (InSb)|_ x Ge ;x , have zero gap for 
some compositions x but, because the mismatch is larger, 
they may be difficult to grow. 

Figure 4 presents our predictions for metastable alloys 
resulting from mixing zinc-blende materials with Sn. 
Those with the smallest lattice mismatches are 
(AlSbli^Sm* (Aa/fl =0.053), (InAs) 1 _ x Sn 2x (0.06S), 
(GaSWi.^Sn^ (0.060), and (InSb) i _.,Snv ( (0.6). In this 
class of alloys, lattice matching restricts us to materials 
with 32 < (Z> <50. These are especially interesting ma¬ 
terials because Sn has a zero band gap. The band gaps are 
predicted to be zero for the metastable alloys 
(InAsh^Sn^ and (InSb)i_ x Snv, for all compositions 
(despite the fact that the equilibrium compounds InAs 
and InSb have nonzero gaps 24 ). All of the Sn-based meta¬ 
stable alloys (with small lattice mismatches) mentior*d 
above are either direct-gap or zero-gap materials. 
(GaSb)!_ x Snv, is particularly interesting, because the 
predicted gap varies from 0.15 eV to zero over a large 
range in composition, from 0.3 to 1.0. Hence, the gap is 
small and may not be too sensitive to fluctuations in local 
environment. This, along with (InP) t _ x Ge: x , may be an 
especially good candidate for an infrared detector. 22 The 
remaining alloys, while coven.’.g a large range in gap size, 
from 2.5 eV for ordinary AIP to zero for Sn, all have 
large lattice mismatches, A a/a >0.096, and good-quality, 
long-lived, metastable samples of these materials may be 
difficult to grow. 


IV. CONCLUSIONS 

We have presented predictions of the energy band gaps 
versus alloy composition x for the Greene alloys: meta¬ 
stable, crystalline, substitutional alloys of III-V com¬ 
pounds and group-IV elemental materials. The band gaps 
at points T and L exhibit kinks and the X points bifurcate 
as functions of composition x, at a critical value x c corre¬ 
sponding to the order-disorder transition of Newman 
ft al. The F-shaped bowing offers the possibility of band 
gaps significantly smaller than expected on the basis of 
the conventional virtual-crystal approximation. Alloys 
with modest lattice mismatches that are predicted to have 
small band gaps include (InPl^Ge^, (AISb) i _ l Sn lt , 
(GaSbl^Snvt, and (InAsJ^Sn^. Larger band-gap al¬ 
loys with several potentially interesting level v-os.smgs in 
the band gap include iAlAs)|_ x Gev, and (GaAsl^Si;*. 
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THEOR Y OF SCHOTTKY BARRIERS .FORJII.-V .AND _GROU P_-i V .SEMICONDUCTORS , 

Otto F. Sankey 
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and 

Roland E. Allen 
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College Station, Texas 77843 
and 

John "D. Dow 
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Notre Dame, Indiana. 46556 

A theory of Schottky barriers for III-V and Group-IV semiconductors must 
explain numerous experimental" observations,, two of which are the following:' (1) 
The barrier, height E c c -Ep' > often attains nearly its final value with the 

deposition of only a fraction of a monolayer of metal on the semiconductor 
surface [1,2). (Here E” s and E F b are respectively the energies of the conduction 
band edge at, the surface and the Fermi level in the bulk.) This finding implies 
that the mechanism responsible- for Schottky- barrier formation requires only 
stibnonolayer coverage rather than a complete semiconductor/metal Interface, It 
thus appears to rule out metal-induced gap states (3-6) as the. dominant mechanism 
for most systems. (2) In many cases, more than one value of the Schottky barrier 
height is observed for a single semiconductor. In InP, for example, there is a 
"switching" of barrier heights from about 0.5 eV to nearly zero as the reactivity 
of the metal treatment of the surface is varied [7]. A theory that yields only a 
single barrier height for all metals and all surface treatments Is thus unable to 
explain these Schottky barriers. 

Here we describe a theory of Schottky barriers for III-V and Croup-IV 
semiconductors chat is in agreement vlth the above observations and many other 
features of the experimental measurements [1,2,7-14]. The theory is based on 
Fermi-level pinning [15] by levels associated with defects at the 
semlconductcr/metal interface [1,8-11]. We believe that this theory is 
applicable to most observed barriers, but recognize, of course, that other 
mechanisms can be important in some cases. For example, the original Schottky 
mechanism of chargn transfer between a metal and a semiconductor without defect 
states in the. fundamental band gap appears to dominate for nonreactlve metals on 
GaSe [8]. 

For TII-V semiconductors, the states responsible for pinning the Fermi-level 
are associated with native defects, either antisite defects [16-18] or vacancies 
[17-19] at the semiconductor surface. For Group-IV semiconductors, the pinning 





defects are interfacial; dangling bonds (20,21]e;g., Si dangling bonds 
'"sheltered" from'the metal by interfacial vacancies. 

In Fig. 1,, results are shown, for the (110) surface of InP (17). (Our 
calculations employ methods introduced by Vogi et al. [22] and Hjalmarson et -at. 
■('23], together with the analytic Green's function technique [24], -using the 
surface relaxation characteristic of III-V semiconductors (25,26). It can be 
shown (20] that a defect at a free surface has virtually the same deep energy 
levels as a sheltered defect at a semiconductor/metal contact.) At the surface, 
both antisite defects — In p and P In -- are predicted .to produce deep acceptor 
levels at about 0,5 eV below the conduction band edge. Thu experimental 
Fermi-level .pinning position for non-reactive metals on n-type InP (7,14] , also 
shown in Fig. 1, can be explained by either of these levels. In addition, a 
surface phosphorous vacancy V p is predicted to yield a shallow donor level, which 
appears to explain the other Fermi-level pinning position just beneath the 
conduction band edge observed for reactive metals on n-InP (7) and for treatments 
of the surface with 0 or Cl (8). A shallow level is also predicted for the 
surface impurities S p and Sc| n , and this may explain the experimental results for 
S and Sn treatments of the InP surface (8], Although not shown in Fig. 1, the 
predictions for p-InP are also in agreement with experiment [!“). 
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Fig. 1. Theoretical and experimental Fermi-level pinning positions for the (110) 
surface of InP (after Ref. 17). 
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Fig. 2. Theoretical and experimental 
Schottky barrier heights for various 
III-V semiconductors and their 
a'loys. The results for Gai_ x .U x As 
and In|„ x Ga x As are also given in 


( 161 . 
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c-Si o*Si:Hi a-SisHi 

Tight-binding up 

Fig. 3. Calculated Fermi-level 
pinning positions for c-Sl and 
a-Si:H. The experimental positions 
are Inferred from the measurements of 
[29] In conjunction with the band gap 
of a-Si:K of 1.8 eV and a theoretical 
value of E c obtained from [28] for 
a-Si:H with a band gap 0.7 eV larger 
than that of c-Si (scp) or a 
virtual-zincblende approximation to 
the theory in [27] (tight-binding). 
Data for Ft and Pd contacts are from 
(291. 


In Fig. 2, ve show the Schottky 
barrier heights predicted by the present 
theory (in the virtual crystal 
approximation) for several III-V 
semiconductors and their alloys. These 
results are for n-type semiconductors, with 
the defect responsible for Fermi-level 
pinning taken to be the cation-on-anion 
site surface antisite defect — e.g., Ga on 
the As site [16]. The predictions are 
compared with measured barrier heights for 
Au contacts (10). The agreement between 
theory and experiment is fortuitously good, 
in view of the several tenths of an eV 
uncertainty in the theory. It can be seen, 
however, thac the trends with alloy 
composition are very well described by the 
theory. 

In Fig. 3, results are shown for both 
crystalline Si (c-Si) and hydrogenated 
amorphous Si (a-SiiH). The theory for 
c-Si, which is described elsewhere (20), 
provides a quite satisfactory description 
of numerous experimental observations. 

Extensions of the theory to Ge, 
Gej^jjSljj alloys, and diamond were also 
found to be in good agreement with 
experimental data [21]. Here we present 
new results for a-Sl:H. Details of the 
theory will be presented in a longer 
article, but the essential idea was to 
extend the c-Si prediction for the Si 
dangling-bond energy to a-Si:H by employing 
the tight-binding theory of 
Papaconstantopoulous and Economou [27,28] 
for this material. For example, we treated 
hydrogenated amorphous Si as a virtual 
zincblende ternary alloys, s KSIj_ x H 4x ), 
deducing tight-binding parameters for Si 
and Sij_ x H 4x from the parameters of Ref. 
[27]. These parameters were then used to 
compute the band edges of a-Sl:H relative 
to those of c-Si and che deep level of a Si 
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bond in a-Si:H surrounded by a local environment similar to chat of an interface 
with NiS^. Our results are given in Fig. 3, and' agree with the data. 

In conclusion, the present theory provides a satisfactory description of 
Schottky barriers for a number of III-V semiconductors and their alloys (both n- 
and p-cype), and for Si, Ge, Gej_ x Si x alloys, diamond and a-SisH. 
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The following facts, and many others, concerning III-V (e.g., GaAs. InP) Schottky barriers 
can be understood in terms of FermMevel pinning by imerfacial antisite defects (sheltered by 
vacancies) at semiconductor/metal contacts: (i) the barrier heights are almost independent of 
the metal in the contact: (ii) the surface Fermi levels can be pinned at sub»monolayer coverages 
and the pinning energies are almost unaffected by changes of stoichiometry or crystal structure: 
(iii) the Schottky barrier height for n-InP with Ctt. Ag. or Au is «0.5 eV, but changes to 
« 0.1 eV when reactive metal contacts (Fe. Ni. or Al) are employed because the amisite defects 
are dominated by P vacancies: and (iv) the dependence on alloy composition lor alloys of AlAs. 
GaAs. GaP, In As. and GaAs is extremely complex-owing to the dependence of the binding 
energy for the cstiomon-anion-site deep level on alloy composition. FermMevel pinning by Si 
dangling bonds at Si/transition-metal silicide interfaces acc iunts for the following facts: (i) the 
barrier heights are independent of the transitiommetal. to within =*0.3eV: (li) on the 0.1 eV 
scale there are chemical trends in barrier heights for n>Si. with the heights decreasing in the 
order Pt. Pd. and Ni: (iii) barriers form at low metallic coverage, (iv) barrier heights are 
independent of silicide crystal structure or stoichiometry to =0.1 eV; and (v) the barrier heights 
for n*Si and p*S! add up to approximately the energy of the band gap. 


1 . Introduction 

When a metal is deposited on a semiconductor surface, a potential barrier 
to electron motion is formed, which prevents the flow of electrons between 
the metal and the semiconductor. The physics governing the formation of 
this Schottky barrier is controversial o\en today. Here we present thcoreti- 
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cal calculations which support the notion that Schottky barriers are com¬ 
monly (but not exclusively [1]) formed as a result of "Fermi-level pinning" 
by deep trap states associated with defects at the semiconductor 
surface. 

The basic idea of Fermi-level pinning was enunciated by D:, deen [2] in 
1947. and is most easily desciibed for the limit of a degenerate n-tvpe 
semicondi ctor in contact with a metal. The Fermi energies of the semicon¬ 
ductor. the semiconductor surface, and' the metal must align in electronic 
equilibrium. At ?.cro temperature, the Fermi level of the semiconductor lies 
almost at the conduction band edge (more precisely, a: the donor level), and 
lines up with the Fermi level of the. metal. The Fermi energy of the 
semiconductor's surface, however, can lie deep in the fundn .tenia! band gap 
if there are deep impurity levels in the gap. in this case of sufficient 
concentration of deep levels in the gap. the deep levels determine and 
"pin" the Fermi energy of the surface, which does no: align with the bulk 
semiconductor's Fermi energy if the valence band maxima of the bulk and 
the surface are assumed to be at the same energy. Hence, the semiconductor 
and its surface are not in electronic equilibrium witch the valence band 
maxima align. As a result, carrier:, must diffuse in order to bring tl..'.surface 
into electronic equilibrium with the bulk semiconductor and the metal: a 
surface dipole must build up. and the bands must bend near the surface to 
align the Fermi energies of the bulk and the surface. This results in a 
Schottky barrier (see fig. I). Bardeen, in his Fermi-level pinning paper, left 
open the possibility that the deep levels responsible for the pinning might be 
either intrinsic (e.g.. surface states) or extrinsic. Spicer and co-workers (3) 
have chamoioned the idea that native defect* produced during the formation 
of the semiconUuctor/me'.'ii contact pin the Fermi energy. 

In this Fermi-I>*vd pinning model, one can estimate the Schottky barrier 
height for an n-type semiconductor by first determining the defect respon¬ 
sible for the pinning and then calculating the difference in energy between 


Conduction Bond 


Borrier Height 


Valence Bond 


Semiconductor Surroce tie to! 

n-type 

Fiji. I. Scheinulic illust..iiion of the liurdeen model " f Fermi-level by ;i semiconductor- 

surface defect deep level (denoted by tin open circle with :t bur through it). 
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the neutral defect’slowest unfilled deep level in the gap and the conduction 
band edge. (For p-type material, the highest filled level in the gap pins the 
Fermi level.) Hence the problem of calculating the Schottky barrier height is 
-reduced to the equivalent problem of computing the binding energy of a 
deep level. (See iig. 1.) 


2. Deep levels in the bulk 

To understand the physics of deep levels at metal/semiconductor con¬ 
tracts. one must first comprehend the basic physics of-deep impurities in the 
bulk of a semiconductor. An impurity level, bv-current definition (4), is 
"deep” if that level originates from the central-cell defect potential of the 
impurity (as opposed to originating from the Ipng-ranged Coulombic tail of 
the defect potential, as for "shallow" levels).’In covalently bonded semi¬ 
conductors, sp’-bonded substitutional defects have typically four deep levels 
near the fundamental-band gap.and an infinite number of shallow levels. 
The infinite number of shallow levels is associated with the fact that the 
Coulomb potential has an infinite number oPbound.stat.es. and the four deep 
levels are due to there being one s-like -and three p-like orbitals for an 
sp J -bonded detect. In the bulk of a tetrahedral semiconductor, the three 
p-states are degenerate, forming r ? : -symnr<.. trie-deep level..and the s-stuie 
gives rise to an A, level, 

The four deep levels need not all lie within the fundamental band gap. 
however. In fact, it is rare that ail four do. Indeed, a "shallow-impurity” is 
one for v. hich all of its deep levels lie outside the fundamental band gap (fig. 
2). A “deep impurity” is an imparity that produces af least one deep level in 
the band gap. The issue of whether a deep level lies within the gap or not is 
a quantita'-'vc one: if the host bands are broad enoi md the fundamental 
band gap is narrow enough, then the bands are like!* < cover up all of the 
deep levels, making them resonant with the host bands. Hence, narrow-gap 
semiconductors tend to have relatively fewer "deep impurity’ centers (with 
levels in the gap) than large band-gap materials. 

The basic physics of deep levels i> illustrated schematically in tig. 3 for the 
case of an N impurity replacing P in the bulk of GaP. For simplicity we 
consider only the A, or s-like deep state of the defect. Firs: consider atomic 
Ga and P. which, when combined into a molecule, form bonding and 
antibonding levels. The bonding-antibonding splitting is of order r : e Cu - 
fp). where r is the nearest-neighbor transfer matrix element and e (>J - o,. i»- 
the energy denominator resulting from perturbation about the ext-.- me 
tight-binding limit (3.6]. Tne bonding and a.itibonding states of the mine- 
cule are the parents of the conduction and the valence bands of the solid, 
respectively. If now one P atom is replaced by an N impurity atom, the N 
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t 9fp . . 


•A, 


0 “ 

Shallow Deep ■> 

Fig. 2, Schematic illusiratio* of the diligence between ".shallow" and "deep” sp’-bonded 
substitutional (donor) impurities, after ref. |2t|. The shallow energy levels it the band gap are 
dashed. The deep levels of Ai (s-like) and T; (p-like) symmetry are denoted by heavy lines. In 
the case of a "shallow impurity" the deep levels arc resonances and lie outside the fundamental 
band gap: (or a "deep impurity" at least one deep level lies within the gap. The lowest level is 
occupied by an extra electron (dark circles) if the impurity has a valence one greater than the host 
atom it replaces (e.g.. S or O on a P site in GnP). 

will try to hybridize with its neighbors. However, the atomic energy of the N 
is =* 7 eV lower than the corresponding energy of the P atom it replaces (i.e., 
the defect potential in the central-cell is V’» - 7 eV). As a result, the energy 
denominator is =» 7 eV larger for N than for P. and (since v is almost the 
same for P and N [7]). the bonding-nntibonding splitting is smaller-and the 
deep level lies within the band gap. For a slightly less negat've value of V 
(i.e.. a slightly more electropositive defect than N. such as S). however, the 
deep level is resonant with the conduction band-so that at most “shallow" 
states bound by the long-ranged Coulombic. -Ze : /er. part of the defect 
potential (neglected here) would lie in the gap. (Here Z is the impurity-host 
valence difference and is zero and unity for N and S. respectively, tcplacing 
a P atom in GaP.) 



Deep 

'-*03 



Atom Molecule Solid Detect "molecule* 

Fig. ?. Sehemalic illustration of ihe qualitative physics of deep levels, us discussed in ref. (4). 
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3. Deep levels of surface defects 

The same basic physics holds for a-.defect: .it a surface. The reduction of 
the tetrahedral.symmetry bv the surface causes the Aj bulk levels.fp shift 
arid the T : deep; levels' to' split.'into three orbitally non-degenerate levels. For 
a defect at a .free surface the splittings of the Tj level are of order reV. 
Therefore, the irtt-surface defect’levels lie at substantially different energies 
frthb the bulk defect levels. 

A centra! question is-whether the pinning defects for Scliottky barrier 
formation are at the semiconductor's surface or in the.semiconductor's bulk. 
There is no ^definitive experimental answer tonhis.question at the.present, 
but we believe that the defects are at or very near the scmiconductor/metal 
interface in,environments that (ire quite similar to the environment of a defect 
at a free surface. By this we mean the pinning defects are each adjacent to a 
vacancy or a void (or a highly electropositive atom) that "shelters" it 
electronically from its more distant neighbors: a defact-vacancy pair in the 
semiconductor's bulk has essentially the same energy levels as a defect at a 
surface [8]-because deep-level wavefunctions are rather localized to the 
shell of first-neighbors of the defect, and the main difference between a 
dei'cct-vacancy pair and the same defect at a surface is that, at the surface 
(which can be thought of as a sheet of vacancies), some second- and 
more-distant neighbors are vacancies rather than atoms. (Second-neighbor 
effects on a deep level are rarely major.) 

Our reasons for adopting this viewpoint that the pinning defects are near 
the semiconductor/metal interface and "sheltered" in free-surface-like 
environments are: (i) Fermi-level pinning can occur at sub-monolayer 
metallic coverages, a fact that is difficult to explain unless the relevant 
defects are at or near the interface: (ii) the simple bulk point defects, such as 
vacancies and antisites, unquestionably give qualitatively as well as quan¬ 
titatively incorrect predictions for the observed behavior of Fermi-level 
pinning and Schottky barrier heights (e.g.. the bulk amisite As a ,-As on a 
Ga site-in GaAs cannot explain the Fermi-level pinning for n-GaAs 
because it produces on!; an occupied deep donor level in the gap. whereas 
an unoccupied acceptor is required to achieve Fermi-level pinning in the gap 
for n-type material-i.e.. the next available level for an electron is the deep 
level, rather than the conduction band edge). In contrast. As nj at the surface 
produces two deep levels in the gap: a deep donor and a deep acceptor: (iii) 
without the concept of sheltering, the defect theory would he in conflict with 
the experimental fact that, for GaAs and some other semiconductors, the 
deposition of different (non-reactivc) metals in a semiconductor/meial con¬ 
tact most often leads to the same Schotikv barrier height (if the defect were 
in direct contact with the metal, its energy levels would be significantly 
altered by changing the metal). Therefore, the pinning defect must be 
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adjacent either to a vacancy or to a very electropositive atom (recall that 
electronic?"v a vacancy is an infinitely electropositive "atom'' [9]). 

Spicer and co-workers (3]. Wieder et al. [10], Mdnch et ai. (111. and 
Williams et al. [ 12] have presented numerous data which indicate that the 
surfaces of III—V semiconductors have Fermi levels determined or "pinned** 
by the deep impurity states of native defects. The exact mechanisms by 
which these defects are created are not presently understood, but it is 
believed that they arc normally generated during the formation of the 
surface (e.g.. by cleavage) or during the deposition of a metal contact. 
Indeed, the precise nature of the native defects is not presently known, and 
one purpose of this work is to provide, ^theoretical framework for identify¬ 
ing the "pinning defects". We shall enumerate the possible native defects, 
argue that the pinning levels of many complex defects are virtually identical 
to the pinning levels of a few simple ones, show that some simple defects can 
explain the observed chemical trends in Schott ky barrier data for III—V 
semiconductors while others cannot, and pnpose a relatively simple and 
specific picture of the pinning defects, 

The possible native defects a.e anion and cation vacancies, both types of 
antisitc defects, anion and cation interstitials, and combinations of these. J: 
can be shown, however, that the combination defects normally have spectra 
similar to the sum of their constituents’ spectra (8) - and so we consider only 
the isolated defects. We also eliminate interstitials from consideration, 
because (ij interstitials are known to be very sensitive to the local environ¬ 
ment (13) (whereas Fermi-level pinning defects are not), and (ii) in the bulk, 
the Group-Ill and Group*V atoms have been observed either on their own 
sites or on the anuVitv. but (to our knowledge) not at interstitial positions. 
Defects associated w>;h the metal atoms originating from the metal of the 
contact are not considered because (i) for some semiconductors at least, the 
Schottky barrier heights are relatively independent of the metal, and (ii) for 
most of the semiconductors of interest, the metal atoms themselves do not 
produce the required deep levels in the fundamental band gap. 

Thus we are left with an apparently simple problem: compute the deep 
levels of the vacancies and the antisite defect.'., and determine if these levels 
explain the observations. In miming these calculations, however, we must 
recognize that this or any theory has uncertainties of order *»H.5eV (part of 
which is due to the neglect of lattice relaxation around t to defect). There¬ 
fore. we do not simply compare the theory with data, ut instead we (i) 
eliminate as many as possible of the Fermi-level pinning assignment 
because the theory and the data disagree by > 0.5 eV. and (ii) make our final 
assignments on the basis of the observed chemical trends in the Fermi-level 
pinning position* front one semiconductor to another. 

The calculations employ an empitica! tight-binding Hamiltonian [ft] for 
the host semiconductor. Since the parameters of this Hamiltonian exhi.tit 
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chemical trends, the defect potential’s matrix elements can be estimated from 
the trends [4], In the localizc'd-orbital spV tight-binding basis, the defect 
potential V is diagonal (provided we assume that the iatticc does not relax 
around the defect 1 ) with elements proportional to the differences between 
the atomic energies of the defect and the host atom it replaces. The deep 
levels of the defect are obtained by solving the secular equation 

det[ l -(£-//„)-' n=0 . 

where H,, is the host Hamiltonian and E is the deep level. For the 
calculations reported here. H„ describes a relaxed (110) III—V surface with 
the 27° rigid rotation of the anions out of the surface plane, and V is a 
matrix simulating the central-cell potential of a deflect at the surface. 
However, a far simpler model involving defect-vacancy pairs in the bulk or 
at an interface would give similar results (14): in the simpler case H n would 
represent the sheltering vacancy and the cluster of atoms at the defect site 
(before the defect is introduced) and at surrounding first- and possibly 
more-distant-neighbor sites. The details of solving the secular equation 
either for a defect at the free surface [15] or for a simplified cluster model 
[14) have been described elsewhere. 


4. Results for III—V semiconductors 

The results of our calculations of the Schottky barrier heights (i.e.. the 
binding energies of the lowest incompletely occupied one-electron level of 
the neutral impurity with respect to the conduction band edge) are given in 
fig. 4. whore we have assumed that the defect responsible for Fermi-level 
pinning is the cation-on-anion-site antisite defect at the surface. The 
agreement between theory and data is strikingly excellent, and strongly 
supports the hypothesis that this antisite defect is responsible for the 
observed Schottky barrier formation. (The two vacancies and the other 
antisite defect fail to reproduce all the observed trends.) 

This success does not mean that all Schottky barrier formation in III-V 
semiconductors is attributable to Fermi-level pinning by cation-on-anion-sitc 
defects. Although an aniisite defect can bo formed with less free energy that 
a vacancy (16). we believe Fermi-level pinning by vacancies has been 
observed for InP contacts with reactive metals (17). Indeed, the apparent 
dependence of Schottky barrier height on chemical reactivity (12.17.IS) can 
be explained in terms of chemical reactions changing the dominant defect 
from an antisite to a vacancy. The reactive metals combine with P making 
stable compounds, leave P vacancies (V',.). In InP these vacancies arc 
predicted to yield shallow donor levels in the fundamental gap near the 
conduction band edge: these levels pin the Fermi energy and yield a small 
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Fig. 4. Experimental (dashed) and theoretical (solid) dependence of the Schottky harrier 
heights of III—V semiconductor alloys with Au contacts versus alloy composition, after ref. (22). 
The theory assumes Fermi-level pinning by a surface eation-on-anion-site defect. 

(=* 0.1 eV) Schottky barrier height. Thus, when reactive metals (viz., Fe. Ni, 
or Al) are deposited on InP. the dominant Fermi-level pinning defects 
appear to be P vacancies; but when non-reactive metals are deposited (viz.. 
Cu, Ag. or Au), the antisite defect levels appear to dominate, and the 
barrier height is approximately 0.5 eV. Thus the theory, supplemented by 
the hypothesis that the reactive metals produce P vacancies, can account for 
the InP data. 

The ability of the theory to provide a natural explanation of the depen¬ 
dence of Schottky barrier height on chemical reactivity is especially im¬ 
portant. because it oners a resolution of a major controversy bc'ween the 
viewpoints (i) that Schottky barrier formation is due to Fermi-level pinning 
by defects (championed by Spicer and co-workers (3)), and (ii) that Schottky 
barriet formation depends critically on chemical reactivity (advocated by 
Brillson and associates [IS]). Our own viewpoint is that both sides of the 
controversy are essentially correct, and that different chemical reactions 
produce different dominar. defects and Fermi-level pinning positions. 

Presently, it is not known if reactive metals do indeed produce a sufficient 
number of inierfacial P vacancies in InP. Indeed, studies of P diffusion indicate 
that the diffusion rate is greater for non-reactive metals and that P concentrates 
at the reactive-metal/InP interface [19)1 

There arc many other experimental facts concerning III—V semiconduc¬ 
tors. mevt of them of a detailed nature, that the Fermi-level pinning theory 
can explain. But rather than focus on those details in our limited space, we 
instead turn our attention to Si (which, being homopolar. has no antisite 
defects) and the question of whether Si's Schottky barriers are similar to 
those of the III-V's. 




J.D. Dow et al. / huerfacial deep levels 


945 


5. Si/transition-metal silicide Schottky harriers 

The best-studied Si Schottky barriers are those with transition-metal 
silicides. The silicides themselves are metals created by the reaction of the 
transition-metals with the Si. For these systems we believe the pinning 
defects are Si dangling bonds. 

The Ideal defect we think is responsible for the Fermi-level pinning is 
similar to a bulk-Si vacancy whose four nearest-neighbor atoms (instead of 
all being Si) are three transition-metal atoms and one Si atoms (the one 
whose bond dangles into the sheltering vacancy due to a missing Si bridge 
atom at the Si/transition-metal silicide interface) [20]. If the transition-metal 
atoms were instead Si atoms, locally this defect would be a bulk-Si 
vacancy-with an A, symmetric deep level resonant with the valence band 
and a T. level in the Si band gap. Hence. to-determine the physics of the 
Fermi-level pinning at the Si/transition-metal silicide interface, we need only 
understand how the bulk-Si vacancy’s deep levels change as three of the 
vacancy’s neighbors change from Si into transition-metal atoms. The change 
of the three neighbors from Si into transition-metal atoms can be simulated 
by increasing'the sp J hybrid energies of the atoms on the transition-metal 
sites (for the hybrids oriented toward the vacancy) from e h (for Si) to e h r V 
(for transition-metal atoms), with V of order 5 eV. That is. relative to Si. the 
transition-metal atoms are very electropositive (electronically like vacan¬ 
cies). The large positive repulsive potential V on the transition-metal sites 
merely pushes the Si dangling bond away from the silicide and into the Si. 
In the process, it drives the energy of the T ; deep level for the bulk-Si vacancy 
out of the fundamental band gap and into the conduction band, and brings 
the A. level up into the gap. (For \ / -+ + «. the A.-derived level approaches 
the hybrid energy e h asymptotically from below.) This level, for the neutral 
defect, is singly occupied by one electron, and therefore can pin the Fermi 
energy of either n-Si or p-Si. Hence the barrier heights for n- and p-type 
material add up to the band gap. Since changes of V of order 1 eV have 
little effect on a pinning level that asymptotically approaches <f v the theory 
explains why different transition-metals have the same barrier heights to 
within a*0.3eV, while the differences in barrier heights on the 0.1 eV scale 
reflect the chemical trends in V (which is proportional to the difference 
between the atomic energy of a transition-metal and that of Si) giving 
decreasing barrier heights for Pt. Pd. and Ni silicides. Moreover, since the 
pinning defee is localised ar.d has properties that depend primarily on the 
electropositivity of the transnion-mctul atoms, one can understand why 
barriers form at low metallic coverages and have heights that are insensitive 
to stoichiometry or the silicide crystal structure. Thus Fermi-level pinning by 
dangling bonds can account for the main experimental facts concerning 
Schottky barrier heights ai Si,-transition-metal silicide interfaces. 
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6 . Discussion 

We have touched on a small subset of the many and varied experimental 
facts that can be explained by the Fermi-level pinning model of Schottky 
barrier formation. This model has been successfully applied to Schottky 
barriers involving Si. Si^Ge,. and diamond (with Fermi-level pinning In- 
dangling bondO as well as to III—V semiconductors (in which antisite defects 
add dangling bonds pin the Fermi level). It appears to he applicable to any 
covalent semiconductor which responds to contact formation by spon¬ 
taneously producing a sufficient number of native defects. 
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We have used a variety of novel approaches in characterizing metal-semicondu7tor 
interfaces-soft X-ray photoemission spectroscopy with interlayers or markers, surface photo- 
voltage spectroscopy, and cathodoluminescencc spectroscopy, coupled with pulsed laser 
annealing-to reveal systematic* between interface chemical and electronic structure. The 
chemical basis for these intcrfacinl properties suggests new avenues for controlling electronic 
structure on t microscopic scale. 


1. Introduction 

With the application of surface science techniques to the study of metal- 
seni-conductor interfaces, considerable progress has been achieved in 
understanding the interactions which take place at the mictoscopic junction 
and their influence on macroscopic electronic properties (1-6). In particular, 
it is now generally accepted that the extrinsic electronic states of a metal- 
semiconductor interface-e.g.. those due to some interaction between metal 
and semiconductor-rather than any intrinsic states present at the semi¬ 
conductor surface-dominate the Schottky barrier formation. Considerable 
evidence for these conclusions has been derive* from contact potential [7.8]. 
surface photovoltage, low energy electron loss [9.10]. UV [12.13]. and soft 
X-ray photoemission spectroscopies [14-21]. With these techniques, research 
groups around the world have found strong charge transfer and atomic 
redistribution occurring with the deposition of only a few monolayers or less 
of deposited metal on clean, ordered semiconductor surfaces. Thus related 
phenomena such as chemical reactions, diffusion, formation of defects, 
dipoles, and alloy layer-, at the mci..i->-. > micondi.c:»r interface an. observed 
which can account for Schottky harrier formation on an atomic scale. Within 
the las* few years, this body of work has been extended to reveal further 

• Tills work reported here was carried out in collaboration with C.F. Uruckcr. A. Katnani. M. 

Kelly. C. Margaritondo. H. Richter. Y. Snapira. M. Slade, and N.G. Stollel. 
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A theory of the phonon spectral densities of states is reported for the long-lived, metastable, crys¬ 
talline alloys (GaSb) l _,(Ge>).,, assuming both a zinc-blende-diamond phase-transition model of the 
metastable structure and an on-site substitutional model without a phase transition. Comparison of 
both models with the data strongly favors the phase-transition model, but not so strongly as to be 
absolutely compelling evidence for the piodel. The theory is evaluated with use of the recursion 
method and a rigid-ion approximation with first- and second-nearest-neighbyr force constants. The 
evolution of the spectra with increasing x is predicted, and is considerably more complicated than 
that given by either a virtual crystal or a persistence approximation. Principal spectral features are 
associated with vibrations of various bonds. All of the major anomalies in the Raman data are ex¬ 
plained: (i) The alloy dependence of the Ge-like LO Raman linewidth is related to the entropy per 
site, (ii) The discontinuity as a function of x in the Raman peak position of the Ge-like LO mode is 
due to the changing importance of vibrations associated with Ge-Ge and Ge-Ga bonds, (iii) The 
anomalous asymmetries of the GaSb-like and Ge-like LO Raman peaks are attributed to spectral 
features associated with Sb—Sb bonds and Ga—Ge bonds, respectively, (iv) The LO-TO splitting at 
k=0 is proportional to the order parameter of the phase transition and decreases from the GaSb 
value to zero as x increases to x f =r.0.3. The model tetds strong but indirect support to the phase- 
transition model over the on-site model, because, as a function of x, the maximum Raman linewidth 
coincides with the maximum entropy in the phase-transition model, but not in the on-site model. 


I. INTRODUCTION 

Recently Greene et at, fabricated metastable, substitu¬ 
tional, crystalline alloys of group-IV elements with III-V 
compounds such as (GaAs)|_ x (Ge ; ) A (Ref. 1) and 
(GaSb'i.^lGc-i, (Ref. 2). Unlike conventional quasi¬ 
binary III-V alloys such as GaAs^P*, the characteriza¬ 
tion of the disorder in this new type of alloy is complicat¬ 
ed by the fact that three electronically different elements 
are distributed on the lattice sites of two face-centered- 
cubic sublattices. The first theoretical approach to this 
problem, proposed by Newman et al., 3,4 is based on a 
mean-field theory in which a zinc-blende-diamond 
(order-disorder) phase transition occurs at an alloy com¬ 
position x ( =0.3. This approach successfully explains the 
observed K-shaped bowing of the direct band gap in 
(GaAs)(_ x (Ge 2 ) x as a function of composition x? Fur¬ 
thermore, unambiguous confirmation of the predicted 
phase transition has been reported in the recent x-ray dif¬ 
fraction measurements of (GaSbj,_ x (Ge 2 ) x by Larnett 
et a.'. 5 Effects of the disorder in the Jloy are also seen in 
the vibrational properties of (GaAsh^Gej)* and 
(GaSbi|_ x (Ge 2 ).,, n c shown in some recent measurements 
of their Raman spectra. 6- ’ 

In this paper, we consider the (GaSb),_ x (Ge 2 ) x Raman 
data of Krabach c al. b and Beserman et c.1,, 1 which show’ 
anomalously broad linewidths for compositions in the 
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ra.ige xsxO.2-0.7. In order to understand how the disor¬ 
der affects the vibrational properties of these metastable 
alloys, we calculate the vibrational densities of states of 
(GaSb)|_ x (Ge 3 ) x using the recursion method. 10-12 We 
employ two theoretical models of the disorder, one based 
on the predicted phase transition, and one ‘without an 
order-disorder transition) that assumes the Ge merely di¬ 
lutes the GaSb without leading to the formation of any 
antisite defects or Sb-Sb bonds. The resulting densities 
of phonon states of (GaSbi^^fGej), are compared with 
the Raman data. 6,7 

The recursion method has been applied preriousK to 
theoretical studies of phonons in perfect crystals, 1 * byt. to 
our knowledge, the present work represents one of the 
first applications to semiconductive crystalline alloys, 1- 
and the first application to 1* metastable 

alloys. The recursion method is basically a contin,.eti- 
fraction scheme for calculating the Green’s function and 
the local density of states at a central site of a cluster of 
atoms in real space. A major advantage of the method 
over other duster schemes is that the continued-fraction 
truncation does not introduce spurious gaps tas a supercel! 
scheme does) or surface states (as a finite**, mster method 
does). A clear and concise discussion of the method is 
given in the work of Nex n and Haydocl,;" the computer 
subroutines used to evaluate the densities of p.nonon states 
are the Cambridge Recursion Library; 1 ' main routines are 
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listed in Ref. 15. The method properly accounts for the 
local environment surrounding the central atom in a clus¬ 
ter, and thus it is ideally suited for obtaining local densi¬ 
ties of states in any disordered system, especially one that 
is well described by a localized basis, such as a tight- 
binding model. The advantage of the recursion method 
over other commonly employed alloy theories (such as the 
coherent-potential approximation) is that the effects of 
clusters of minority atoms are explicitly included, and so 
the theory is accurate beyond orders x or (1— x )—while 
the coherent-potential approximation is not. 

The main shortcoming of .he method is that it is not 
well suited for handling long-ranged forces, such as the 
dipole-dipole interaction responsible for the Lyddane- 
Sachs-Teller splitting of longitudinal and transverse optic 
phonon modes at the center of the Brillouin zone. 16 
Nevertheless a previous recursion calculation for the 
quasibinary semiconducting alloy Al x Ga|_ x As (Ref. 14) 
showed that the method, despite its neglect of long-ranged 
forces, is useful for correlating peaks in the density of 
phonon states with major features Rai.;an and infrared 
spectra, and for associating those peaks with specific local 
atomic configurations in the alloy. 

In this paper we compute the phonon spectral densities 
of states assuming two models of substitutional alloy dis¬ 
order: (i) an on-site model, in which cations always 
remain on nominal cation sites, and (ii) a phase-transition 
model, 5 '' 1 in which all atoms can occupy either nominal 
cation or nominal anion sites. 


II. THEORY 


long-ranged Coulomb forces to zeio. There are a number 
of disadvantages associated with this simple model. The 
most important is the neglect of all long-ranged Coulomb 
forces, which are responsible for (i) the nonzero splitting 
of the longitudinal optic (LO) and transverse optic (TO) 
modes at the center of the Brillouin zone for zinc-blende 
materials (due to the dipole-dipole interactions), iii) addi¬ 
tional contributions to the splitting of the LO and TO 
modes away from the Brillouin-zone center (due in part to 
the dipoles induced in vibrating polarizable atoms), and 
(iii) the flattening of the transverse acoustic (TA) branch 
near the Brillouin-zone boundary. These long-ranged ef¬ 
fects have been incorporated in previous models, such as 
the shell model l7,ls or the bond-charge model, 1 ’ but are 
neglected here because our primary interest is the study of 
the effects of local alloy disorder on the phonon spectra. 

Justification for the neglect of Coulomb forces is af¬ 
forded by the fact that (i) effective charges in these ma¬ 
terials are typically very small (~0.l eVHRef. 20) and (ii) 
Herscovici and Fibieh 15 have shown that a model which 
includes second-nearest-neighbor force constants incorpo¬ 
rates enough of the long-ranged forces to adequacy 
simulate much of the essential qualitative physics result¬ 
ing from those forces. With the rigid-ion model and 
without the long-ranged Coulomb forces, the application 
of the recursion method is tractable and even straightfor¬ 
ward. 

In ’he harmonic approximation (using.Dirac notation), 
the time-independent eigenvalue equation of motion for 
the displacement of the lattice, 6R>, is 

5R)=,Vfi Jl 5R> . (2.1) 


There are three basic steps to our theory: (i) The 
development of an adequate theory for describing the 
dispersion relations and phonon densities of states of pure 
GaSb and Ge (Sec. II A); (ii) the modeling of the alloy 
statistics—-that is, the determination of the probabilities 
that a site is occupied by each of the atoms Ga, Sb, and 
Ge (Sec. IIB); and (iii) the proposing of prescriptions for 
determining the force constants in a specific cluster of the 
alloy in terms of the force constants of GaSb and Ge (Sec. 
IIC). Details of the calculations are in the Appendices, 

A. Phonons in GaSb and Ge 


/. Force constants and dispersion relations 


We assume the harmonic approximation and use a sim¬ 
ple rigid-ion mode! to parametrize the phono:' dispersion 
curves of GaSb and Ge, ignoring all but the first- and 
second-neaiest-neighbor force constants; we also set the 
_ -) 


(.v i 

{ n, h -anion, i $ j n. cation. i *) — {y 

(z . 


x) 

a 

P 

i) 


where the displacement in the Mh direction <t =,v, y, or z) 
of the 6th atom (6=anion or canon. in the mh unit cell 
(at R„) is <«,&,/ ;SR>, and M and are the mass and 
force-constant matrices, respectively. Here we have the 
mass matrix (in the ' n,b,i ) basis): 

M— 2 . ( 2 . 2 ) 

n.6 

The force-constant matrix, {tt,b,t *I» n\b\t'), vanishes 
unless («,&) and ln',b') refer to the same atom, nearest 
neighbors, or second-nearest neighbors. Taking the posi¬ 
tion of the bth atom in the mh unit cell to be R„ if b 
refers to an anion site of the underlying zinc-bl-nde struc¬ 
ture (v o =0), and R„-i-v f if b refers to a cation site, we 
note that for the zinc-blende lattice, we have 
v c =tu t /4M 1.1,1) with a L being the lattice constant. 
Then we have, for the force constants between the anion- 
site atom and its nearest cation-site neighbor in the same 
unit cell: 


\y) ':) 
a (i 
a 13 


t2.3) 


where the rows and columns are labeled by i and f. The values of a ai»2 (3 depend on the two atoms at either end of the 
chemical bond between t«,b) and for example, in pure Qa$r we have just two parameters: aiGa—Sb/ and 

5iGa—Sb). The other nearest neighbors to an anion atom at R„ arc in different unit cells, and the corresponding force- 
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constant matrices are obtained by symmetry operations, as given in Appendix A. The second-nearest-neighbor force- 
constant matrix between the anion atom at R„ and the one at R„- = R n +(a i> /2)(0.1,1) is 



;*> 

\y) 

|z> 

(.v! 


0 

0 

(it,b = at,ion, /, <J> j n', 6'=anion, i') = {y | 

0 

Pa 

v a 

(-’I 

■ 0 

V a 

Pa 


Appendix A shews how the force-constant matrices for 
other second neighbors are related to Eq. '2.4!; a similar 
expression holds for cations, with k c , n ( , and v f • 

The remaining nonzero elements of the force-constant 
matrix are the diagonal elements, which follow frdm the 
requirement of invariance of the equations under infini¬ 
tesimal translation of the crystal: 

<= - 2' ' lilfl'.W) . (2.5) 

n\V 

where the prime on the summation indicates that 
ln\b‘) — (n,b) is excluded. 

Taking advantage of the translation-group symmetry of 
the lattice, we change basis to Bloch states: 

|kA/>=;V“ ,/: 2 irt,6,i)exp(—/k’lRa+vji], (2.6) 

'I 

where .V is the number of unit cells and k lies in the first 
Brillouin zone. In this Bloch-type basis set, the equation 
of motion, Eq. (2.1), can be written as 

(n 2 /-e).5R>=0 (2.7) 

or 

2 - <k ,b,l j D I k,i , ,( , »(U , ,i" 15R> =0 , 

l\b* 

( 2 . 8 ) 

where we have 
<M,/|5|k 

=(iV/ 4 A/ 4 -) -1/2 2 (»>b,i | <J> j n',b',i‘) 

n* 

Xexp(/k*(R„-TV 4 <—R„—v 4 )]. 

(2.9) 

This is the dynamical matrix element in the Bloch-type 
basis set, |k ,b,i). The phonon dispersion relation is 
determined from the secular equation (2.7) or (2.8), for a 
finite set of k values in a Brillouin zone. The crystal 
eigenstates are linear combinations of the above Bloch- 
type basis states: 

1 k,s > = ^ < k,6,f j k,s >} k,b,i ) . ( 2 . 10 ) 

b,i 

Using the first- and second-nearest-neighbor force- 
constant matrices given in Eqs. (2.3) and (2.4) [and those 
in Eqs. (A4) and <A5) in Appendix A], as well as the “on¬ 
site force-constant matrices” determined by the relation in 


I 

Eq. (2.5), the dynamical matrix in the present model is 
constructed as summarized in Appendix B. 

Numerical values for the force-constant parameters for 
pure crystals with /.inc-hlende structure can be obtained 
by fitting the model to experimental data at several sym¬ 
metry points in a Brillouin zone, and to elastic-consiunt 
data. Appendix C contains a detaiied description of the 
fitting procedure. A tabulation of the resultant values of 
the force-constant parameters as well as the atomic 
masses may be found in Table I for GaSb and Ge, and in 
Ref. 15 for other semiconductors. 

2. Densities of states 

To obtain the densities of phonon states for GaSb and 
Ge, we employ 1000-atom clusters and execute the recur¬ 
sion method to 51 levels of continued fractions. These pa¬ 
rameters are found to be necessary to obtain good repre¬ 
sentations of the densities of phonon states and to produce 
well-converged spectra. The phonon dispersion relations 
are compared with available data, and the densities of 
states calculated by the recursion method are compared 
with those evaluated using the Lehmann-Taut method 21 in 
Figs. 1 and 2 for GaSb and Ge, 22-25 respectively. As one 
can notice, the sharp Van Hove singularities 26 present in 
the Lehmann-Taut densities of states are absent from the 
densities of states obtained by the recursion method. 
Thus the recursion method is limited to representing den¬ 
sities of states of alloys, where the perfect-crystal Van 
Hove singularities are expected to be blurred by the disor¬ 
der. 


TABLE I. Force-constant parameters (in units of 10 J 
dyn/cm) and masses (in units of 10 -:4 g). 



GaSb 

Ge 

a 

— 39.525* 

-49.470 

p 

-34.C°0' 

-37.159 

K 

4.500* 

5.821 

K 

4.500 J 

5.821 

Pa 

-3.697* 

-3.092 

Pc 

-4.467* 

-3.092 

v a 

— 3.697* 

-3.092 

W 

-4.467* 

-3.092 

-v. 

202.1695 

120.5379 

-Uc 

115.7722 

120.5379 


'Parameters for GaAs obtained from Ref. 22. We used these 
parameters for GaSb as well. 
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WAVE NUMBER X*' (C(n*'V 
0 100- - 200 - 



ENERGY t>n (meV) 

FIG. 1. Densities of phonon states times 10 IJ rad/sec (top) 
and phonon dispersion curves (bottom) for GaSb. The density 
of slates obtained by the recursion method (solid line' is com* 
pared with the one obtained by the l rthmann-Taiv method 
(dashed line). The phonon dispersion cm /es are obtained using 
the force-constant parameters for GaSb from Table 1 (solid 
lines), and are compared with the infrared reflection data from 
Ref. 23 at T point (circles), and with the neutron scattering data 
from Ref. 24 (dotted lines). The energies of various phonons are 
denoted on the density-of-states figure, as, for example, LO:C-',A' 
for the LO phonon at the U and K points of the Brillouin zone. 
The symmetry points of the Brillouin zone are T =(0,0,0), L 
= l2ir/a L KjiTit), X =(2tr/«i)( 1,0.0), C/ =(2rr/o t KI. t.t). 
and A'=(2tr/a t )(-f,-i.O), 


B. Alloy statistics 

In order to tieat the phonons in these alloys in a trac¬ 
table manner, we first need to model the distribution of 
the three types of atoms on the two face-centered-cubic 
sublattices. The simplest approach is to view the substitu¬ 
tional alloy as a II1-Y compound with an underlying 
zinc-blende structure, but with the group-IV elements 
dispersed randomly. If at first we assume an “on-site 
model," the probability of occupancy of each atom (Ga, 
Sb, and Ge) on each nominal sublattice site (a=anion site, 
or c=cation site) is given by 

<f , Ga)c = <^Sb) a = !-A-, (2.11a) 

(f > Sb)c = <f > Ga)a=0 . (2.1ib) 

and 

<F G ,.) f = </>Ge>a=* • (2.110 

Note that these probabilities allow only a limited type of 
alloy clusters: there is zero probability that a Ga atom 



ENERGY TUI Utv) 

FIG. 2. Densities of phonon states-times 10 |: rad/sec (top) 
and phonon dispersion curves (bottom) for Ge. The density of 
states obtained by the recursion method (solid line) is compared 
with the one obtained by the Lehmann-Taut method (dashed 
line). The phonon dispersion curves are obtained in the present 
model (solid lines,, and are compared with the neutron scatter¬ 
ing data from Ref. 25 (dotted lines). 


will sit next to a Ga atom, for example—there are no an¬ 
tisite defects such as a Ga atom on an Sb site, and hence 
no Ga—Ga or Sb-Sb bonds. 

Missing from the probabilities in Eqs. <2.1 la)—(2.11c) is 
the idea of Newman el at., 3 '* which postulates that 
(GaSb)|_ x (Ge;), [like (GaAsl^lGedJ undergoes a 
phase transition as a function of alloy composition x from 
a zinc blende to a diamond structure. They define an or¬ 
der parameter M which is nonzero in the zinc-blende 
phase and is zero in the diamond phase ‘since there is no 
distinction between “anion” and “cation" in the diamond 
structure): 

M=((P 0a > f -(? G3 > a x(/ > sb)a-<^Sb>cV2. (2.12) 

If we assume, for simplicity, that Ge occupies both types 
of sites with equal probability (<P Ge ) c = </ , Ge ) a ), and 
also that nominal zinc-blende-lattice sites are occupied by 
one of the three types of atoms, then we have simply 

M = (P c Jc-(Pci)a 

= (f 5 Sh) a -(/ , sb>c • (2-13) 

This order pa r ameter can take on all the values from 
jc — 1 to 1 — jr; If all the Ga atoms occupy nominal cation 
sites, then we have M = 1 — jx ; if the Ga atoms are dis¬ 
tributed evenly over nominal cation -ites and nominal 
anion sites, then we have M =0; if all the Ga atoms are 
on the nominal anion sites, then we ha\e M =.\ —1; and 
if we have ! M , ^=1 —.x, then some anions and cations are 
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found on nominally "wrong" sublattice sites. The average 
occupancies of Ga. Sb, and Ge atoms on nominal cation 
•tes c uid on nomiiui 1 anion sites a in the phase- 
• ansition model are summarized as 

</><!., >c= H--V-rA/'/2. 

12.14a) 

1-X-.W./2, 

(2.14b) 

</> s ,) f =i|-.x~.V/)/2. 

12.14c) 

<P S !> ><.='• 1-.X-KVD/2 . 

(2.14d) 

and 


ii 

c. 

II 

(2.l4e) 


The order parameter ;V/(,x) is dot-.rmined within a mean- 
field approximation as the solution of’*' 4 

;V//( I — ,x) = tanh(.V//( I —.v c I) , (2,15) 

where the pltase-transition composition .x f is extracted 
from data. We use x. =0.3 as is suggested by both the 
optical absorption' ,»rd the x-ray diffraction data. 5 We 
note that the probabilities of atomic distribution in the 
on-site model. Eqs. 2.1 lai-(2,l I cl, can be obtained sim¬ 
ply from the phase-transition model probabilities, Eqs. 
(2.l4a)-(2.|4e). by replacing .V/with 1 -.x. 

It should be emphasized that the present calculations 
are based on the phase-transition theory of the alloy as 
evaluated in a mean-field approximation. To be sure, the 
mean-field approximation is not exact and an improved 
theory may be needed as the data for (GaSb)|_ x (Ge 2 ) x are 
refined,” Indeed Holloway and Davis” have recently 
suggested an, alternative model of the similar alloys 
(GaAsl._.<(Gej) Ji in which they forbid the formation of 
As-As anti Ga~Ga bends--and hence fc r bid the order- 
disorder phase transition. Their model assumes that the 
zinc-blende-diamond transition is percolative in nature, 
i.e„ the transition is assumed to be controlled by geometry 
alone, with a transition composition ,x c characteristic of a 
site-diluted diamond lattice, x c ^Q.i. 2 " Thus their model 
does not either include differences in Mustering that can 
arise from different growth techniques or allow for 
temperature-dependent growth. (For example, the restric¬ 
tion of eliminating Ga—Ga and As—As bonds forces the 
probability of finding a Gu-Ge bond to be identi il to 
the probability of finding a Ge-As bond.) Given the 
dependence of (GaAjj,_.i Ge : ) t electronic structure on 
growth conditio .s seen experimentally, 1 0 and the ex¬ 
igence of x-ray diffraction data supporting the idea 
of a z'nc-blende-diamond phase transition for 
(GaSb)t_ x (Ged,, 5 we elect to concentrate here on the 
model which contains ’hose features. We do, however, 
study ’he difference in phonon densities of state- obtained 
between di>tributi. u given by Eqs. (2.1 la)—ti.llo and 
Eqs. (2.14a)—(2.14ei. 

C. Force constants 

Based on the atomic distributions defined in Eqs. (2.11) 
and <2.141 above, we generate a 1000-atom duster (using a 
random number generator* in which the distribution of 
masses is given either by Eqs. *2.1 la)—<2.1 lc) for the case 


of .1/ = 1 ~.x, or by Eqs. (2.i4ai • 2.14e) for the case of \f 
determined by the mean-field theory with the occurrence 
of the phase tran -iion at .x c =0.3. Using the force- 
constant parameter-, for parent compounds in Table I, the 
first-nearest-neigli'or force constants a for the six possi¬ 
ble pairs of first-neighboring atoms in (Ga$b)|_.,(Ge>) x 


are given by 

a( (GaSb)| _ x (Ge« ) x ;Ga—Ga)=a(GaSb), (2.16a) 

«((GaSb),_,(Ge : ).,;Sb-Sb)=a(GaSb). (2.16b) 

a((GaSb)|_ x (Ge : ).,;Ge-Ge)=o(Ge) , (2.16c) 

a«GaSb)|_,(Ge,).,;Ga—Sb)=a(GaSb). (2.16d) 

o((GaSb)|_ it (Ge<i,,;Ga—Ge) 


=( 1-,x)«(GaSb)-r.xa(Ge) , (2.16e) 

a((GaSb)i_, t (Gej),,;Sb-Ge) 

=11-.x)ct(GaSb)+.xa(Ge). (2.160 

We .he the same relations for /3 for these paiiy of atoms. 
The second-nearest-neighbor force constants k for s>,\ pos¬ 
sible pairs of second-neighboring atoms are given by 

/.({GaSb)|_ x (Ge;!, x ;Ga-Ga)=A f tGaSb), (2.1'a) 

A((GaSb)|_, t (GeO x :Sb-Sb) = /. a tGaSbl, 0.17b) 

A((GaSbl,_,(Ge : ),;Ge-Ge)=2.{Ge), (2.17c) 

/.((GaSb) | _ x (Ge 2 ) x ; Ga—Sb) 

= [A. f (GaSb)-rA a (GaSb)]/2 , (2.17d) 

A((GaSb)|__,(Ge>)_ x ;Ga—Ge) 

= t 1 —.x.'A c (GaSb)+.xA(Ge) , (2.17e) 

a( (GaSb)| 1 Gej ) x ;Sb—Ge) 

=(I—.xiA a (GaSb)+.xA.(Gd . (2.170 

We use the same r -nations for the other second-nearest- 
neighbor force constants p and ». for these pairs of atoms. 


D. Outline of the calculation 

The 'ocal density of states r/;R;fi) in a disordered sys¬ 
tem depends sensitively on the local atomic environment. 
To obtain the total densities of states we sum over an en¬ 
semble of local densities of states as follows, u ) A specific 
five-atom miniduster is generated, e.g., a central Ga atom 
surrounded by two As. one Ga, and one Ge, for the center 
of the 1000-atom duster; the probability p i.x> of this 
••luster 'ccurring in an alloy with composite .x is deter¬ 
mined 'see Appendix D); liii) the remaining *45 atoms are 
added with the probability for each atom as defined in 
Eqs. (2.1 la)—(2.1 lc) or Eqs. (2.14a)—(2.14e); and (iv) the 
meal density of states i* computed by the recursion 
method at the centra! site of the minicluster embedded in 
its alloy environment of the 995-atom cluster. The pro¬ 
cess is repeated for wil possible miruclusters, each embed¬ 
ded in the 995-atom cluster. The total density of states 
per un>t cell is then 
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D(n;(GaSb),_ x (Ge,)J= 2^W«(R;n), ( 118 ) 

K 

where the sum is over nil possible miniclusters, and d K 
and p K are the local density of states and the probability 
of occurrence of the tcth minicluster, respectively. 

In addition to the densities of states by the recursion 
method for the above two types of disorder, we also ob¬ 
tained, for comparison, (i) the densities of states for the 
virtual-crystal-approximation alloy as well as (ii) the den¬ 
sities of phonon states in the persistent approximation/' 1 
which is a linear superposition of the densities of states of 
GaSb and Ge: 

D(n;(GaSb)|_ x (Ge 2 )J=(l-x)Z)(n;GaSb)+.xZ)(n;Ge). 

(119) 

In the following section, we discuss our results for the 
densities of phonon states and interpret available Raman 
data for (GaSbli^Gej)*. 6,7 


WAVE NUMBER X' 1 (cm -1 ) 



ENERGY Till (meV) 

FIG. 3. Densities of phonon states for (GaSb\_.,(Gej),, alloys 
obtained by the recursion method .r. the case of M = 1 —.v (solid 
lines), along with density of states obtained using the virtual 
crystal approxim- tion for x =0.5 (dashed line). The assign¬ 
ments ' ven to pro.iiinent peaks represent bonds that are respon 
sible for the vibrations giving rise to the peaks (see text). 


III. RESULTS AND DISCUSSION 
A. Spectra 

In Fig. 3 we display the calculated densities of states for 
various alloy compositions in the case of the on-site 
model, i.e., the model with M = I -.v, as well as the densi¬ 
ty of states obtained by the virtual-crystal approximation 
for ,x=0.5. In this figure, we can see that the virtual- 
crystal approximation yields a single "amalgamated” 51 
optic band. Thus, this approximation does not reproduce 
the two-mode behavior for the optic-phonon spectrum ex¬ 
pected of semiconducting mixed crystals: two sets of 
long-wavelength optic phonons that are each energetically 
close to those of the parent compounds, GaSb and Ge. 
We conclude that the virtual-crystal approximation 
should not be used to describe phonons in these materials. 

Figure 4 shows the densities of states calculated for the 


WAVE NUMBER X* 1 (cm' 1 ) 


0 100 200 300 



ENERGY hR (meV) 


FIG. 4. Densities of phonon states for (GaSb)|_,<Ge ; * alloys 
obtained by the recursion method in the case of .'«/ determined 
by mean-field theory (solid lines), along with density of states 
obtained u-ing the persistent approximation, Eq. 2.19). fur 
x =0.5 (dashed line). Tne assig..mems given to prominent 
peaks represent bonds that are responsitile for the vibrations giv¬ 
ing rise to the peaks (see text). 
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case of M determined by the phase-transition model in the 
mean-field approximation, as well as the f -rsistent spectra 
[Eq. (2.19)) for x =0,5, The persistent ifproximation is 
capable of describing at least two optic bands originating 
from the parent compounds, although it does not include 
al'oy modes, which are characteristic vibrations of various 
atomic arrangements in alloys that do not exist in .he 
parent compounds (e.g.. characteristic vibrations of an Sb 
atom surrounded by three Ga atoms and one Ge atom). 
This approximation seems to work well for quasibinary 
alloys, such as Al t Ga|_, l As (Ref. 14), where the substitu¬ 
tional disorder is limited to the atomic arrangements on 
one of the two face-ecntered-cubic sublattices: in this 
case, deviations of the recursion spectra from the per¬ 
sistent spectra are relatively minor and can be ;a:ily at¬ 
tributed to the alloy modes. However, in the esse of 
(GaSb)|_,,(Ge : ),, alloys (see Fig. 4), there seems to be a 
major difference between the persistent spectrum (dashed 
line) and the recursion spectrum (solid line). This obvi¬ 
ously indicates a high degree of disorder on both sublat¬ 
tices, which gives ri.s to many different types of alloy 
modes, and therefore >o a variety of peaks in the density- 
of-states spectra. 

To see how the different types of disorder affect the vi¬ 
brational densities of states, we compare the recursion 
spectra obtained from the atomic distributions defined in 
Eqs. (2.1 la)—(2.1 Ic) and Eqs. <2.!4a)-(2.14e). The differ¬ 
ence between these two models is the type of disorder: in 
one case [the on-site model of Eqs. (2.1 la)—(2.1 lei), we 
set the order parameter >f equal to 1 - .x and have no '’an¬ 
tisite defects" such as Sb on a nominal Ga site, while in 
the otl t case [the phase-transition model of Eqs. 
(2,14a)- 2.14e>], the order parameter is determined by 
mean-field theoi j. and antisite defects occur in relatively 
high concentrations. The local densities of states obtained 
by the recursion method for each central atom in each 
configuration of the five-atom miniclusters are useful in 
identifying the origin of peaks in the total density of vi¬ 
brational modes. Each of the statistically independent 
configurations of the miniclusters contributes to charac¬ 
teristic peaks in the density of states. We find, however, 
that it is most convenient to associate different contribu¬ 
tions to the densities of states with various "bonds" rather 
that with entire miniclusters. In his scheme, we have 
four different types of bonds for the on-site case of 
\l = 1 — x: Ga—Sb, Ga—Ge, Ge—Sb, and Ge—Ge; and 
two additional ones for the case of A/ determined by 
mean-field theory Ga—Ga ind Sb-Sb. We concentrate 
on the optic region since the optic modes are sensitive to 
local atomic order and thus exhibit interesting disorder ef¬ 
fects. 

In the densiti“s of states calculated with Xt = 1 — .x (Fig. 
3), we note the existence of some structure in each of the 
two main optic bands, The optic band at the higher fre¬ 
quency is “Ge-like” and increases in intensity with in¬ 
creasing alloy composition, x, and the optic band at the 
lower frequency is “GaSb-like” and decreases in intensity 
as x increases. Both longitudinal and transverse-acoustic 
bands gradually change in positions and intensities on go¬ 
ing from GaSb to Ge. The structures in the main optic 
bands are assigned to vibrations of various bonds as 


shown in Fig. 3. 

The impurity (local) mode at — 270 cm"' for .x =U. I 
results mainly from wbrations of Ga—Go bonds. Vibra¬ 
tions of Ge—Ge bonds also produce modes near this fre¬ 
quency: as the alloy composition .x increases, the Ga—Ge 
and Ge-Ge vibrations gradually evolve to form the Ge- 
like optic band. At x-^0.1 this Ge-like optic band is 
composed mostly of vibrations of Ge-Ge bonds. 

The GaSb-like optic band at ,x =0.1 retains most of the 
fe.i'ures of pure GaSb, and thus the highest peak corre¬ 
sponds to the zone-bcundary TO phonons (such as the 
transverse-optic modes at the X and L points of the Bril- 
louin zone, denoted TO:.Y and TO:L) and the shoulder at 
-220 cm -1 corresponds to the zone-boundary LO pho¬ 
nons (such as L0: C/,/0. (These can be interpolated from 
the k-space assignments for GaSb in Fig. 1.) As alloy 
composition increases, vibrations from Ge-Sb bonds take 
part and smooth the shape of the GaSb-like optic band. 
And at .x~0.7 the modes from Ga-Sb and Ge-Sb bonds 
become highly degenerate with the nearby m<'des, and the 
density of states retains most of the features i f pure Ge. 

The densities of states with M determined by the 
mean-field theory (Fig. 4) show much richer structure 
than those with A/ = 1 —.x. At x =0.1, in addition to the 
mostly GaSb-like featires, we can see two new peaks. 
These are impurity modes: the peak at — 270 cm" 1 is 
mainly composed of vibrations of Ga—Ga (and also 
Ga-Ge) bonds, and the peak at ~ 195 cm" 1 is due to 
Sb-Sb bonds. 

As t’loy composition increases, vibrations of Ge-Ge 
bonds take part in the Ge-like optic band, and, c.iong with 
the vibrations of Ga-Ga and Ga-Ge bonds, broaden this 
optic band in the range 0.3<.x<0.5. In the GaSb-like 
optic band for 0.3 <.x <0.5, however, although the vibra¬ 
tions of Ge-Sb bonds as well as Ga-Sb bonds contribute 
to the band, the Ga—Sb plus Ge—Sb fine shape in Fig. 4 
appears narrower than the corresponding peak in Fig. 3, 
because of the spectral distribution of the modes. 

The Sb—Sb peak is significant in the theory for .x =0.1 
and 0.3, but ther it decreases in intensity, and is indistin¬ 
guishable from nearby modes for ,x>0.5. Presumably 
this occurs oecause the number of Sb-Sb bonds rapidly 
decreases as alloy composition increases. As in the case of 
A i = 1 —,x (for which there are no Sb-Sb bonds or peaks), 
the density of states retains most of the features of pure 
Gefor.x >0.7. 

We now make a comparison with data. In Figs. 
5(a)—9(a), we display Raman spectra obtained by Krabach 
et al . 6 and Beserman et al ., 7 along with the densities of 
states for the case of A/ determined by mean-field theory 
[Figs. 5(b)—9(b)], and for the case of A/ = 1 —.x [Figs. 
5(c)—9(c)]. In comparing our results with Raman data, 
we recognize that the experimental quantities depend on 
the transition matrix elements (involving electronic states) 
as well as on the densities of phonon states, and that the 
Raman lines are a subset of the density-of-states spectra. 
In particular, for certain experimental geometries and 
light polarizations, in the case of pure semiconducting 
compounds, many Raman matrix elements are expected to 
vanish because of selection rules: 32,33 for example, pho¬ 
nons excited by iight scattering have k=0. These selec- 
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-tion rules are broken in alloys; certain modes are "disorder 
activated" and appear in the Raman spectra. Every mode 
that appears in a Raman spectrum should also appear in 
the density of phonon states, although the strength of the 
mode can be quite different in the Raman and density-of- 
states spectra. 

Another caution should be taken while comparing the 
calculated densities of states with the data: The peak po¬ 
sitions, as well as the peak motions as a function of alloy 
composition, are not accurately reproduced in the present 
calculations. These numerical inaccuracies are due to the 
neglect of long-ranged Coulomb forces and due to the use 
of the rigid-ion model. Even with these limitations, by 
mentally shifting or broadening the calculated densities of 
states by an amount comparable with the differences be¬ 
tween the theory and the data for crystalline GaSb or Ge, 
the present calculations can be used to identify the princi¬ 
pal spectral features and to associate them with vibrations 
of specific bonds. 

Since the Raman spectra depend on the densities of 
phonon states as well as the Raman matrix elements, the 
effects of disorder on the Raman spectra are manifested 
in two ways: (i) new features in the densities of states, 
caused by various alloy modes which do not exist in the 
persistent spectra, may contribute to the Raman spectra; 
and (ii) due to a breakdown of the selection rules, certain 
modes which are not normally observed in the Raman 
spectra of pure compounds (such as acoustic modes and 
zone-boundary optic modes), as well as some of the new 
alloy modes, become Raman active. The alloy modes are 
likely responsible for the broad linewidths observed tn the 
data of Krabach et al. b and Beserman et a 1 , 7 To demon¬ 
strate this, we compare the Raman spectra with the densi¬ 
ties of states in our two models. As mentioned earlier, the 
major difference in our two models is in the type of disor¬ 
der allowed—-the simpler on-site model (with M = l-.x! 
does not include vibrational modes caused by antisite de¬ 
fects in the form of Ga—Ga bonds or Sb—Sb bonds, We 
examine the spectra in the regions (i) .v <0.15 (ii) 
0.15 <;: <0.75, and (iii) x >0.75 below. 


1. x<0.1 5 

Since the Ge-atom concentration is very low in this re¬ 
gion, the density-of-states spectra for x =0.13, shown in 
Figs. 5-Hi and 5 ( c), retain most of the feauires found in 
GaSb. A new feature is the impurity (local) mode around 
270 cm -1 , which is due to the vibrations of Ga-Ga and 
Ga-Ge bonds for the spectrum in Fig. 5(b), and is mainly 
due to the vibrations of Ga-Ge bonds,.for the spectrum in 
Fig. 5(c), as discussed earlier. 

In the Raman spectrum of Fig. Sia), we note that the 
Ge-like LO mode at -260 cm -1 exhibits a iinewidth that 
is relatively broad compared with that of typical impurity 
modes in quasibinary III-V alloys. A comparison with 
our calculated densities of states indicates that tl s feature 
could result from the vibrations of Ga atoms, within 
Ga—Ge bonds or Ga—Ga bonds, which would give rise to 
a broader Iinewidth than could be obtained from G**—Ge 
bond vibrations only. 



i_i_*_:_i_ 

O 10 20 30 *.0 

ENERGY hn (meV) 


FIG 5. (a) Raman spectrum for tG.iSbiofi'CeWa <j from 
Refs, 6 and 7; lb) calculaied densiiy of phonon states for the 
same alloy obtained by the recursion method in the case of M 
determined by mean-field theory; and (c calculated density of 
states in the case of M = 1 -x, 


Even at this low value of alloy composition, we notice a 
slight asymmetry in the line shape of the GaSb-like LO 
mode in the data. We speculate that tins feature can be 
attributed to: (ii the disorder-activated zone-boundary LO 
phonons of GaSb, which produce a shoulder around 220 
cm -1 in the densities of states in Figs. 5(b) and 5(c); or (ii) 
a long-wavelength GaSb-like TO mode resulting from the 
“leakage” due to a slight deviation from a perfect back- 
scattering geometry. It was indicated in Ref. 7 that this 
weak shoulder is due to the long-wavelength GaSb-like 
TO mode, for .x <0.1. 13 th modes, however, could coex¬ 
ist. (discriminating betvuvs the two possibilities is diffi¬ 
cult, because of the weaknes. of the feature involved. 

The long tail in the frequency range between -190 
cm -1 and —210 cm -1 , evident tn the data, may have, re¬ 
sulted frqrn disorder-activated viorational modes of 
Sb -Sb bonds [the peak around 195 cm - ' in Fig. 5lbi). 
Note that a gap is predicted : this frequency range by the 
on-site model [Fig. 5(c)]. How. er, the density of states 
of th*. on-site model with M 1 - a could produce nearly 
the same fiU«d-gap feature as seen in both the data and 
the phase-transition model [Fig. 5tb»], after a slight 
broadening of the GaSb-like optic band. Therefor., one 
cannot state unambiguously from comparing the theory 
and data of Fig. 5 whether or not Sb-Sb bonds are sig¬ 
nificant in the observed >’ ur.an spectrum. Nevertheless, 
the comparison of theory with data in Fig. 5(b) stroi glv 
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suggests that Sb- Sb bonds arejikely present in significant 
numbers, and casts doubt on a 1 ' 'icr conclusion to the 
contrary (which had assumeu that b-Sb bonds would 
produce a sharp Raman peak). 7 

2. 0.15<x<0.75 

Figures 6-8 show the data for x =0.24, 0.34. and 0.56, 
respectively, along with the densities of states obtained by 
the two different models: on-site and phase-transition. 
The two main peaks in the data exhibit broad linewidths: 
the total widths for alloy composition x =0.34 are ~38 
cm -1 for the GaSb-like LO mode, and ~35 cm -1 for the 
Ge-like LO mode. Asymmetry in these peaks is also evi¬ 
dent. In addition, a disorder-activated longitudinal- 
acoustic mode (DALAI is observed in the data at -150 
cm -1 and this identification is supported by the theory. 

The highest energy peak is associated largely with Ge 
vibrations, and is broad because Ga-Ge and Ga-Ga (for 
the phase-transition model) bonds contribute as well as 
Ge-Ge bonds. The lower peak is a combined Ga-Sb and 
Ge-Sb vibration with a low-energy shoulder associated 
(in the phase-transition model) with Sb-Sb bonds. Note 
that the widths of the two main peaks are larger in the 
phase-transition model than in the on-site (Af = l~.x) 
model because of the additional modes due to Sb-Sb and 
Ga-Ga bonds. We shall see below that the systematic 
trends in these widths lend additional support to the 
phase-transition model. 
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FIG 6 ( a! Raman spectrum for (GaSb)u76»Gei)o24 from 
Refs 6 and ( bt calculated density of phonon states for the 
same alloy obtained by the recursion method in the case of .If 
determined by mean-field theory, and t*. 1 calculated density of 
states in the case of Af = l — x. 
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FIG. 7. (a) Raman spectrum for tGaSbb „<,(Ge«)a )4 from 
Refs. 6 and 7: (b» calculated density of phonon states for the 
same alloy obtained by the recursion method in the case of .Vf 
determined by mean-field theory; and (c) calculated density of 
stales in the case of .Vf = I —x. 


3. x>0.75 

Figure 9 shows the data for x =0.8 along with the den¬ 
sities of states obtained by the two different models. We 
note that the densities of states retain most of the features 
of Ge [Figs. 9(b) and 9(c)], and that the impurity modes 
due to Ga and Sb atoms are not distinguishable from the 
zone-boundary phonon modes of Ge (such as LO:<T, 
which is degenerate with LA: X, and LO:L). This is con¬ 
sistent with the data (Fig. 9(a)], in which the GaSb-like 
LO mode is no longer detectable for x >0.75. 

B. Alloy dependence of linewidths and entropy 

In these alloys for 0.05<.t <0.95 the phonon Raman 
linewidths are due primarily to disorder, and not to damp¬ 
ing. For example, the Ge-like LO mode (or Ge-Ge bond 
vibration) is nearly degenerate with vibrational modes of 
the Ga—Ge and Ga—Ga bonds, because Ge and Ga have 
similar masses. These Ga-re!ated modes arise in the alloy 
and give the appearance of broadening the Ge-hke LO 
mode. Thus Che alloy linewidth is due primarily to inho¬ 
mogeneous broadening by disorder-related alloy modes. 

The linewidths in the phase-transition model appear 
broader than those in the on-site model (Figs. 3 and 4), be¬ 
cause of the presence of the additional modes associated 
with antisite-defect Ga—Ga and Sb—Sb bond vibrations. 
Thus the alloy dependence of the Raman linewidths 
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FIG. S. (a) Raman spectrum for (GaSb)f,.44(Ge»)oj* from 
Refs. 6 and 7; (b) calculated density of phonon states for the 
same alloy obtained by the recursion method in the case of M 
determined by mean-field theory; and (c) calculated density of 
states in the case of M -1 -x. 
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FIG. 9. lai Raman specirum ior tGaSb;«,<Gej x <» from 
Refs. 6 and 7; (W calculated density of phonon states for the 
same alloy obtained by the recursion method m the case of ,W 
determined by me-m-field theory, and *ci calculated density of 
states in the case of ,\f -1 - .v. 


should be a good indicator of whether such antisite de¬ 
fects are present in significant concentrations. 

The observed Raman peaks are due to a superposition 
of nearly degenerate modes and (according to the theory) 
would be highly structured in the limit of zero broadening 
and anharmonicity. Therefore it is difficult to define 
theoretically which substructures of a peak should be con¬ 
sidered part of that peak when computing the peak’s 
linewidth. Moreover the present theory does not include 
either Raman matrix elements or tK- effects of anharmon¬ 
icity and broadening—making it impractical to define and 
___ I 


predict quantitatively linewidths corresponding the ob¬ 
served Raman peak widths. Hence we seek a seintquanti- 
tative measure of the linewidths in terms of the entropy, 
which can be compared with the data. 

Qualitatively the composite linewidth of the Ge-ltke LO 
mode and its adjacent alloy modes will be maximum when 
the disorder is maximum. In other words, the linewidth 
qualitatively reflects the disorder or entropy of the alloy. 
To illustrate this point, we compare in Fig. 10 the entropy 
per site 4 as a function of x calculated in the phase- 
transition model using mean-field theory!: 


S(x)/k 8 = <P Ga > e ln<P Ga \ + < Pm )MPm >c + < Pc., )MPo,\ 

= [( 1 -x +A/)/2]ln[( 1 -x + M)/2 ]+[< 1 -x -A/)/2]ln[< 1 -x -M)/2] -MnU), (3.1) 


with the Raman linewidths of Ref. 7. Here k B is 
Boltzmann’s constant. Note the ki.ik in the data [Fig. 
10(a)] near Xi.0.3 for both the GaSb-like and the Gc-hke 
LO modes. Furthermore, the width of the Ge-Iike LO 
mode has an x dependence similar to that of the entropy 
of the phase-transition model [Fig. 10(a)]. (The GaSb-like 
LO mode for x >0.3 merges with the mostly Ge modes 
of Figs. 3 and 4 cannot be separated from the other 
modes, and hence a similar comparison of its linewidth 
with entropy cannot be made.) 

For comparison, we also show in Fig. 10(b: ,i.e corre¬ 


sponding entropy per site computed for the phase- 
transition model with x c =0.2 and 0.7, respectively, and 
the entropy per site for the on-site model with no phase 
transition: 

S(x)/k B =(1 —x)ln( 1 -x)- t-.v intx). (3.2) 

Only the entropy of the phase-transition model with 
x c zz0.3 has a kink and a maximum at the same composi¬ 
tion as the maximum Raman linewidth. 

In the absence of a phase transition, tlrie entropy is a 
maximum at the composition x for which tfog probabih- 
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FIG. 10. la) Total linewidth in cm -1 as a function of compo¬ 
sition ,x for the Ga^h-like (triangles) and Ge-like (circles) LO 
modes, after Refs. 7 and 3. The GaSb-like mode has been fit in 
Ref. 7 to two straight lines (dashed curve). The entropy 5 per 
site (d; ided by Boltzmann's constant) as a function of x, calcu¬ 
lated using mean-field theory for <GaSb) ( _.,lGej)* and assuming 
.x c =0.3 (solid curve) is plotted on the scale on the right-hand 
side of the figure. The scales have been chosen such that the Ge 
LO mode linewidth and Si x)/k B coincide at their maxima. <b) 
Entropy S per site as a function of x, calculated using the on¬ 
site model of Eq. (2.11) (solid line) and the phase-transition 
model with x e =0.2 (dashed line) and 0.7 (dotted line). Note [in 
(a)) the similar shapes of S(.x) and the linewidth of the Ge-like 
LO mode. Note also the kink discontinuities in S(x) at ,x f 
(characteristic of a phase transition) that are seen both in the 
theory and in the experimental linewidth curves at xsO.J to 
0.4. The maximum of Six) would not necessarily occur at 
.x~0.3 if the critical composition were different (b). For x, < 7 
the discontinuity in S occurs at x e and the maximum occurs at 
x= 7 , as demonstrated for x e = 0.2 [dashed line of (b)]; for 
x e > 7 , the maximum occurs at x =x e , as demonstrated for 
.x e =0.7 (dotteJ line of (b)]. 


ties are equal for finding the various allowed substitution¬ 
al atoms on a given site. For the on-site model (i.e., for 
,\/ = l—.x), the maximum is at x = y. For the phase- 
transition model, for .c c < 7 , the maximum is at * = 7 , 
the composition at which there are equal numbers of Ga, 
Sb, and Ge atoms on a given site. Additionally, for the 
phase-transition model, the entropy exhibits a kink at 
.x =.x f characteristic of a second-order transition, as cal¬ 
culated in a mean-field approximation (the second deriva¬ 
tive of the Gibbs free energy is discontinuous ). 34 If we 
have .x c > 7 , this kink represents the maximum of the en¬ 
tropy. 

Clearly, of the calculated curves presented in Fig. 10. 
only the result for the phase-transition model with 



x 

Go 3b (GaSb) ( (Ge 2 ) x Ge 


FIG. 11. Illustrating our interpretation of the discontinuity 
as a function of ,x in the Raman peak position of the Ge-like LO 
mode, as observed in Ref. 7: There are two principal bond vi- 
brations, Ge-Ge and Ga-Ge. We have drawn parallel lines 
through the data for Ge-Ge and Ge-Ga modes, separated by 
~7 cm"', the separation predicted for .x=0.5. Note that the 
theory, which does not include long-ranged forces, does not ac¬ 
curately predict the positions or slopes of these lines, but only 
predicts the splitting between them. 


.x c =0.3 (Fig. 10(a)] exhibits the same qualitative depen¬ 
dence on alloy composition .x as the observed Ge-like LO 
mode width. The fact that the observed linewidth of the 
Ge-like LO mode exhibits the same qualitative depen¬ 
dence on x as the phase-transition model’s entropy, name¬ 
ly that it has a maximum for .x~0.3, is evidence support¬ 
ing the phase-transition theory—and against the on-site 
model. Clearly {GaSW^jjlGej)^ grown under conditions 
such that .x c is greater than 0.3 (Ref. 30) should exhibit a 
maximum Raman linewidth at the different critical com¬ 
position .x c . 

C. Peak positions 

Beserman et al? noted that the peak position of their 
broad Raman line for the Ge-like LO mode, when plotted 
as 1 function of .x, exhibits a discontinuity of cs7 cm ” 1 
near .x=s0.8 (see Fig. 11). The present theory (Figs. 3 and 
4) provides a simple and natural explanation of this 
discontinuity: there are two types of bonds contributing 
significant but separate subpeaks to the Ge-like LO mode 
Raman line, Ge—Ce and Ge-Ga bonds. In GaSb .ich 
material (x <0.7) the mair. spectral feature observed is 
dominated by the Ge—Ga bonds, but in Ge-rich alloys 
(.x >0.7) the Ge—Ge peak dominates. The theory shows 
that these two subpeaks are separated of order 7.4 cm - '. 

D. Asymmetries of Raman lines 

The Raman data for (GaSb)|_ x (Ge : ) x are abnormally 
asymmetric, as shown in Ref. 7: the GaSb-like (Ge-like) 
LO mode peak has maximum asymmetry for .x~0.2 
(x= 0 . 8 ) and these asymmetries are not smoothly varying 
functions of .x. 

These experimental facts are simply explained- the 
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GaSb-like Raman peak has contributions from the Sb—Sb 
bond subpeak on its low-energy side (see Figs. 6 and 7 1 , 
which is especially visible for x <0.5. Likewise Ga-Ge 
bonds contribute on the low-energy side of the Ge-like LO 
Raman line for a: >0.7 (see Fig. 11). The fact that the 
asymmetries are not smoothly varying functions of .x indi¬ 
cates that different modes from the main LO modes are 
responsible. 

E. LO-TO splitting 

The zone-center optical phonons of a crystal experience 
a Lyddane-Sachs-Teller splitting that should be propor¬ 
tional to the square of the average dipole moment per unit 
cell . 16 In an alloy, this prescription has not been fully jus¬ 
tified (except in a virtual-crystal sense); nevertheless, we 
employ it here to predict the x dependences:of the k = Q 
LO and TO modes in (GaSb)|_ x (Ge 2 ' x . The dipole mo¬ 
ment per unit cell is proportional to the order parameter 
Mix), and the proportionality constant can be determined 
by fitting the observed splitting for x =0. The order pa¬ 
rameter, in a mean-field theory, is approximately propor¬ 
tional to (x e —x) l/J , indicating that in the mean-field ap¬ 
proximation the LO-TO splitting of the UaSb-ltse k=0 
optic mode should decrease approximately linearly front 
a: =0 to x =0.3. Such a decrease in the LO-TO splitting 
is indeed observed, although the decrease is not necessarily 
linear in x f -x (see Fig. 12). [One expects that more ac¬ 
curate calculations using the renormalization group or 
some similar technique would determine that the LO-TO 
splitting decreases as ix f -x) :e , with /J=s0.325. ,s ] The bi¬ 
furcation of the GaSb-like k=0 mode at x=s0.3 is a 
consequence of the change of symmetry from a zinc- 
blende structure for x <x c , in which there is a net dipole 



0.0 0.1 0.2 0.3 


X 

GoSb (GoSb) 1 . ]( {6e 2 ) i 

FIG. 12. Raman peak positions fi un cm''i of the GaSb 
k=0 LO and TO modes in iGaSbii.^Ge,^ versus alloy com¬ 
position a. after Refs. 7 and 8, >.omp.u .J with the predictions of 
the phase-transition model plus a Lyddane-Sachs-1 cller LO-TO 
splitting proportional to the square of the order parameter M. 
Tiie bifurcation at x f =i0.3 of the diamond-phase optic mode 
(0) into LO and TO modes is characteristic of the order- 
disorder z.u.-blende—diamond phase trans.tion. Here the 
theory is shifted down 2:4 cm'' to coincide with the data for 
GuSb, but the iar.,.uva of the peak position with x, dCl/d.\, is 
not adjusted to account for long-ranged forces omitted from the 
model, and so is not accurately predicted. 


moment per unit cell, to a diamond'structure for x >x f , 
in which there is .no average dipole moment and no dis¬ 
tinction between anion an ! cation sues. This is a general 
feature of the phase-tratt.-ition model. 

Certainly the bifurcation will n.: be as sharj as predict¬ 
ed in this simple theory, and alloy fluctuations will 
broaden the GaSb-like optic modes, especially (tr xr=x c 
Nevertheless, the dam exhibit this splitting, which i: evi¬ 
dence of the phase transition. Indeed, the zone-center 
LO-TO splitting offers a means to directly determine the 
square of the order parameter. 

IV. SUMMARY 

To our knowledge, the theory presented here is the 
first comprehensive treatment of phonons in 
(.-l lll 5 v ) l _ x fC; V ^ metastaole, substitutional, crystalline 
alloys. We have presented predictions for both the 
phase-transition model and the on-site model, and have 
compared •hem with data. While the comparison favors 
the phase-transition model, the evidence is not compel¬ 
ling. We suspect that a co r rect model of these alloys em¬ 
braces the essentials if the phi.sc’ranstt.on model, but 
goes beyond the mean-field approximation to include 
correlations in the atomic positions. Such an improved 
theory will still have Sb-Sb and Ga-Ga bonds, but they 
will be fewer in number than for the present mean-field 
theory . 1 ' 6 

The main features of the Raman data are well described 
by the theory, despite the fact that many of those features 
were previously though: to be anomalous. The Raman 
linewidths are a measure of the alloy disorder and vary 
with x in a similar fashion to the entropy of tin. phase 
transition model. The observed dependence of tiie Raman 
linewidth appears to be incc tsisiem with the on-site 
model. The appatent discontinuity, as a function of x, of 
the Ge-like LO Raman mode is attributed to the fact that 
separate but nearly degenerate modes associated with two 
distinct types of bonds, Ge-Ge and Gu—Ge. contribute to 
the Raman peak—and the dominant bond changes with x. 
The apparent anomalous asymmetry of the Rar.tan lines is 
due to Sb—Sb and Ga—Ge sideband modes. Finally, the 
order parameter of the zipc-blctde—diamond phase tran¬ 
sition can be extracted from the Lyddane-Sachs-Teller 
splitting of the GaSb LO and TO phonons at k=0. 

In general the model accounts for all the essential phys¬ 
ics of the spectra of these alloys. It demonstrates that 
virtual-crystal and persistence approximations to the pho¬ 
non spectra are inadequate. Nevertheless, the theory itself 
requires improvement u make it truly quantitative, and 
long-rjnged forces shcuIJ be incorporated int : i- e model. 
We hope that this work will stimulate furth. ...corehe. 
and experimental investigations of phonons :n these in¬ 
terest!. g alloys. 
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APPENDIX A: SYMMETRY OF FORCE-CONSTANT 
MATRICES 

Choosing the origin at an ion, the positions of its four 
nearest neighbors are r ( =(«t/4H 1 , 1 , 1 ), 
r.=(fl t /4)(-l.-l.l), r,=(a i ./4)(l,-l,-l), and 

r 4 ={— 1,1, — 1). Similarly, the positions of the 12 second 
nearest neighbors are given by the nonzero combinations 
of r r -j, for ' and j ranging from I to 4. 

Applying the symmetry of the crystallographic point 
group T d , with an y, and z basis, the first-nearest- 
neighbor force constants between the 6 th ion at the origin 
and the 6 'th ion at the position r t are parametrized as in 
Eq. (2.3), and the second-nearest-neighbor force constants 
between the 6 th ions at the origin and at the position 
( 04 / 2 x 0 ,1,1) are parametrized as in Eq. (2.4). In this ap¬ 
pendix, we use the notation d > (11 and ‘JL> ; for the 3x3 
force-constant matrices given by Eqs. >-.3) and 12.4), 
respectively. 

The force-constant matrix between an ion at the origin 
and an ion at the portion r* can be obtained from <b l1 by 
rotating the coordinate system by rr around the z axis: 

[a p -P 

&V"g.= I P a -P , (AI) 

\-P -P a 

where we have the rotation matrix in the form: 


}. b (\-2l : )-r2n b r- 2 lmv h 

<J> (J, (/,m,h)= 2lm v b A b l 1 —2m l )-r2[i b m' 

2lnv b 2 mnv b 


-I 0 0 

R ; = 0 -10. (A2) 

0 0 1 

The force-o-mstant matrices between an ion at the origin 
and ions at the positions r 3 and r 4 can be obtained by 
similar rotation operations. 

The force-constant matrix between the 6 th ions at the 
origin and at the position ( 04 / 2 x 0 , - 1 , 1 ) is derived from 
by operating with R : : 

h 0 0 

B.z± {1 % = 0 fi b -v 4 . (A3) 

0 - ii b 

The other ten force-constant matrices for the second- 
nearest neighbors can be easily obtained by similar sym¬ 
metry operations. 

These force-constant matrices can be written in a com¬ 
pact ‘ 'm using the direction cosines (/,m,«) of the vector 
connecting the two ion positions: 

a ilmp 2lnP 

‘j> in (/,m,n)= 3 Imp a Smnp (A4) 

2lnP Imnp a 

for first-nearest neighbors, and 


2 lu v b 

2 mnv b (A5) 

>. b (\-2ir)+2ii b ir 


for second-nearest neighbors. The direction cosines U,m,n) take the values, for instance, (—3~ l/ 2 ,3 — — 3 -l/: ) for 
( 04 /4)( -1,1,-1) and (0,2~ l/ '-,2 ~ ,/J ) for ( 04 /2X0,1,1). 

In using the recursion method, wherein a finite cluster of atoms is g.nerated, it is convenient to use the above 3x3 
force-constant matrices in terms of the direction cosines, for each pair of atoms. 


APPENDIX B: DYNAMICAL MATRIX 

With use of the force-constant parameters introduced in Sec. II, the 6 x 6 dynamical matrix D(k) for each k vector in 
Eq. (2.9) can be written as 

6 / 6 ' a c 

m kt= a - ac . (Bi) 

c Ql D e 


Each element of this matrix is a 3x3 matrix. The on-site matrix D a for the anion is given by 

!a,x) \a,y) jc,z) 

(a,x j a -r-A a /|(k)+/a a g[(k) v a h { (k) v a h,(k) 

i—M a M)D a = {a,y\ v a /i,(k) a-r 3 . a / 2 (k)-f-jUag 2 (kl v a /i 3 (k) , (B2) 

(a,z' v a /i,(k) v a 6 3 (k) a-rA. a / 3 (k)-»-/t a g 3 (k) 
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where (with Of, being the lattice constant) 
f\ (k) = 1 -cos( ira L k y )cos( -»a L k, ), 
fi (k) = 1 - cos( ~Qi k. )cos( ira L k x ) , 
fi (k) = 1 - cos( ira L k x )cos( ~a L k y ) , 

S\(k) = 2-cos(-a L k x )[cos(~a L k y )-rcos(-a L k.)] , 
g 2 (k)= 2 -cos(va L k y )[cos{xa L k t )+cos{TTa L k x )] , 
gi (k)=2 - cos( ira L k : ) [ cos( ~a L k x ) -j- cos( tra L k y ) ], 
/i|(k)=sin(7ra/./; x )sin(ira/,A , j,), 

/i 2 (k)=sin(rra^A:j C )sin(7ra£.A',) , 


hi(k)=;$\n{iTa L k y )smlT:a L k : ). 

The on-site matrix, D ( , for the cation, is identical in form 
to D a , except that the index a is everywhere replaced by c. 
The off-site matrix D ac is given by 

| c,x > |c,y> | c,z > 


(a,x | 

(\f a M c r'' i D ae = (a,y\ 
<a,z | 

where we have 


as ,(k) /fr : (k) /ft } (k) 
/?ij(k) aj|(k) #s 4 (k) 
/?ij(k) /?s 4 (k) a$|(k) 


(B3) 


X|(k) = c‘| -rc'j-r -*-(.’4 , 

S : (k) = t>| -rC'i'-t'x— <?4 , 
sj(k)=C| —ci—e^-rc'4 , 
j 4 (k)=e|-c' : +ej~C 4 . 

The e/s (/ = 1, 2, 3, and 4) are given by 
e, =exp [i~a L {k x +k y -rk. )/2) , 

<?2 =exp[/Va t ( - k x —k y -i- k. 1/2 j , 
ej=exp(/?ro t (k x —k y —k.\/2] , 
e 4 = exp[ i -a L (- k x -f k y - k : )/2 ], 

Despite the importance of the long-ranged Coulomb 
forces, we ignore these forces and use the rigid-ion model 
with first- and second-nearest-neighbor force constants 
for describing the lattice dynamics of semiconducting 
compounds. 

APPENDIX C; FITTING PROCEDURE 

At points of high symmetry in the Brillouin zone, the 
dynamical matrix becomes block diagonal. We can ex¬ 
press the frequencies at these points in terms of the force- 
constant parameters, and determine these parameters by 
fitting the frequencies with experimental data. The ana¬ 
lytic forms at the F, A', and L points are 


ft 3 (LO; T)=n 3 (TO;D= -4 a( 1 /M a + 1 /M e ), 


ft 3 (LO;Ar), n 3 (LA;A0= 


-4(n4-4/i a )/A/ a 
-4(a-r4^ f )/A/ f , 


J 


(Cl) 

1C2) 


n 3 (TO;A n 3 (TA;*)= ~{2a(\/M a + \/M c )-i-4(A a +/; a )/M a +4(/. f +/t c )/M e )] 

± [ 12o( 1AV/ 0 — 1 /xt e ) -f 4(A a -rfj a )/M a — 4(/. f -r/i f )/iV/ f ■ 3 

+ \6l3 : AM a \1 c )] ,/3 (twofold degeneracy), (C3) 


n 3 (LO;I), fl 3 ( LA;L) = — [ 2a( l /M a +1 /M c ) 4- 2( A„ /M a -f k e /M c ) + 4 ( Ma /.V/ a /M e )-r4(v a /.\/ a +v e /.\/ f )] 

±( i 2 q( \/M a — l /M e )~ 2( /M a -). e /M c ) 

+4(/i a /M a -n c /M c )-r 4!v a /M a - v c /M e ) • 3 -r4( -a -r 2f})'/(M a M c )] 1/3 , (C4) 


and 


.Q 3 (TO;U fI 3 (TA;£)= — [2a( \/M a + \/M c )+2(\ a /M a +k c /M c )^M^ a /M a -rfi c /M e )-2(v a /Ma~v c /M c )] 


± (! 2a( 1 /M a - 1 /M c ) -f 2( k„ /M a - k c /M c ) 


-r 4(/i 0 /Ma -He /M c ) - 2( v a /M a - v e /M c ): 3 

-f4(a-r/?) 3 /(A/ a A/ c )J l/3 (twofold degeneracy). (C5) 


In addition, by taking the elastic-continuum limit of the c-; = ( — l/a t )[2/?-o-r4(\ a - v f )— 2(/. a -T-/. f i 

equation of motion / 8 we have the following relations be¬ 
tween elastic constants and force-constant parameters: ~-^a U > )C7) 

C 44 = < — 1 /a 1 )[g 4 - 2( A a -r 7. f ) -j- 2 (/j a -Tjli c ) — P'/a ) . 

1 C 8 ) 


C 11 =(-l/(J i )[a-r4(/i a -r/i c )] . 


<C 6 ) 
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where 34 , is 'he lattice constant. 

In determining the parameter a from phonon disper¬ 
sion curves, the squared frequency, ft'(LO;D 
[wft'’(TO;n in the present model], needs to be replaced 
by [n J (LO;n+2ft J (TO{D]/3. since the LO-TO split¬ 
ting exists in the experimental data for these mode fre¬ 
quencies. With this replacement in Eq. (Cl), we have 

a = — [ ,\/ c /4i + .\l t ) j[ n ; ( LO; r) + 2ClH TO; T )] /3 . 

(C9) 


The parameters p a and p c are determined from Eq. $C2) 
as 


p a »( -.V/,/l6)n J (LA;.V)-«/4 , 

1C 10 



for M a > ;V/ ( and 


p a ~t-M e / l6)fi J (LO;,Y)-a/4 . 

(Ctl) 

/t f =(-M c /l6)n 2 (LA;,Y)-a/4 , 


for A/ u < M t . 


The determination of the parameters 2.„, /, f , 

v 3 , v f , and 


fi, using the relations given by Eqs. (Cl) to (C3), depends 
on the data available for each material. In some cases, a 
reduction of the number of parameters is necessary, be¬ 
cause of lack of data, If we assume a central force operat¬ 
ing between ions, we have 

Pb- v b + ^b ( 6 ~a and c). 1C12) 

Banerjee and Varshni” have assumed the relation 

Pb- V b ( 6 =aandc) (C13) 

in concurrence with the cet.tral-force model 39 and the 
angular-force model . 10 

Various combinations of the relations in Eqs. (Cl) to 
(C 8 ), with or without the simplifications given in Eq. 
(CI2) or (C13), were attempted. (Our parameters were 
also compared with those obtained by Banerjee and 
Varshni.”) Judgment was made according to how well 
the phonon dispersion relations and global features of the 


densities of states were reproduced. For GaSb, the param¬ 
eters for GaAs obtained by Banerjee and Varshni” were 
found to be excellent. Here we set one parameter, 
representing the long-range Coulomb forces in their 
model, to zero.) We use these parameters for GaSb as 
well, replacing the mass of As with the mass of Sb in the 
dynamical matrix. For Ge, using the relation in Eq. 
(Cl 3 >. the four parameters a, [S, p (=v), and /. were deter¬ 
mined by fitting a 2 (LO;D [«a 2 (TO;D], n J (TO;.Y), 
ft : (LO;.Y) [«n : (LA;.Y)], and il : (TA;.Y) to neutron 
scattering data . 33 There is, of course, no distinction be¬ 
tween anion and cation, and thus we have k a =k s = A,, for 
example. 


APPENDIX D: MINICLUSTER PROBABILITIES 

The probability of occurrence of a five-atom miniclus¬ 
ter in which the central atom is a Ga atom on the nominal 
cation-site, with / Ga atoms, m Sb atoms, and n Ge 
atoms distributed over the four nearest-neighbor nominal 
anion sites of the centra! Ga atom is 

<Pa>}c<<f > G*) a >UPs b ) a r«Pa'h> n , ID!) 

Such a duster of neighbors occurs 4!/( l\m !/t !) times. The 
probabilities of occurrence of various nearest-neighbor 
clusters were calculated using Eqs. (2,14a)~(2.14e). In 
case Ga atoms are allowed to occupy the nominal anion 
sites, as in the model using mean-field theory, 1 ! v proba¬ 
bilities are identical in form, except that the indices a and 
c need to be interchanged everywhere. The probabilities 
of occurrence of five-atom miniclusters with a Sb atom on 
the central site, and with a Ge atom on the central site, 
are obtained by a cyclic permutation of the indices speci¬ 
fying atoms: from (Ga.Sb.Ge) to (Sb.Ge.Ga), and to 
(Ge.Ga.Sb) respectively. There are, therefore, 15x2x3 
statistically independent configurations in the zinc-blende 
phase, and 15X3 statistically independent configurations 
in the diamond phase (since we do not distinguish between 
anions and cations in this phase). The probabilities for 
the model with no antisite defects IM = 1 —,x) can be ob¬ 
tained from Eqs. (2.1 la!—<2.11c). 
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ABSTRACT 

The observed chemical trends tn Schottky barrier heights (l.e., the 
variation in the barrier height as a function of the alloy composition x, 
or the dependence of the barrier height on the anion or cation species) are 
explained by Fermi-level pinning due to defects. Microscopic calculations of 
surface defect levels, rather than phenomenological arguments, are presented 
to support this viewpoint. We find that the slope of the pinning defect level 
as a function of alloy composition (dE/dx) is a signature of the detect type. 
In the case of Ai x Gaj_ x As/Au contacts for all compositions x, and for 
Ai x Gaj_ x As/Ai and Al x Gaj_ x As/In contacts for large x, the Schottky barrier 
heights are attributed to Fermi-level pinning by cation-on-anlon-slte anclslte 
defects (|dE/dx| is large). Ai x Gaj_ x As/Al and AZ x Caj_ x As/In Schottky barriers, 
for snail x, are attributed to Fermi-level pinning by anion-on-tie-cation-site 
antlslte defects (|dE/dxj is small). This interpretation Is supported by both 
detailed calculations and the results of a simple four-atom model. 
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I. 'introduction 


Oyer che years, there have been many attempts to understand the observed 
chemical trends in Schottky barrier heights — the dependence of <p s on the 
anion or cation species, or on the alloy composition x. In the past, such 
attempts have had the disadvantage that no fundamental microscopic foundation 
has been available. The introduction of Bardeen's concept of Fermi-level 
pinning (1) and Spicer's defect model [2-5J, however, have provided a general 
framework that makes it possible to understand chemical trends in from a 
microscopic point of views Since the Schottky barrier height in the 
Fermi-level pinning model is approximately equal to the difference between a 
band edge (conduction band edge 'for an n-type, semiconductor and valence band 
edge for p-type) and the relevant defect level- (lowest acceptor level for 
n-type; highest donor level for p-type), chemical trends in barrier heights 
are explained by the combined chemical trends in band edges and "deep" defect 
levels at. the semiconductor/metal contact. 

Recently we have reported theoretical predictions of Schottky bar er 
heights for Au contacts to various III-V alloys {61 and for ttansirion-raetal 
contacts to Si x Gej_ x alloys (7). The IXI-V/Au barriers are attributed to 
Fermi-level pinning by cation-on-anion-site XXI-Y surface antisi'ce defects 
{6], The Sl x Gej_ x » barriers are attributed to Fermi-level pinning by 
interf.acial dangling bonds (7J. For bath systems, 'he theory is in quite good 
agreement with the measured barrier heights, with the observed chemical trends 
being particularly well described by the theory. 
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Here we exceed Che simple theory of : Ref, (6| and consider boch anclsite 
defects, Including che Che anion-on-cadon-slce sntijite defect;. pur principal 
motivation Is to compare che'alloy dependences for che Schottky barriers Chat 
result from Fermi-level pinning by the two different types of antlslte 
defeecs. As discussed below, we find that dE/dx is very different for the two 
defects In some cases, where E is a Fermi-level pinning defect energy level 
and x Is the alloy composition. This appears to explain the different 
dependences on x of observed barrier heights of Al^Ga^As with At and In 
contacts on che one hand, and with Au concacts on the other hand. 


II. Simple Four-Atom Mo^oi 

Before giving che results of our detailed calculations — which employ 
the sp^s* model of Vogl et al. (8) for the bulk electronic structure, the 
scaled-atomic energy model of Hjaloarson et al. (9) for the impurity 
potentials, and the analytic Green's function technique (10] — let us 
consider a very simple four-atom model for each of the two surface anr.lsice 
defects: the antlslte atom at a surface and tes three nearest-neighbors. We 
will find that this model provides a remarkably good description of the 
chemical trends, and tends to increase our faith in the central results of the 
much more complicated calculations. 


The simple four-atom model can be constructed by first considering a 
five-atom model consisting of an antlslte impurity in the bulk and Its four 
neighbors, and then replacing one of the four neighboring atoms by a vacancy 
— co simulate the semiconductor surface. In the bulk, an anion or cation 
anclsite defect Is tetrahedrally coordinated, which leads to deen level 
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electronic states of Aj (s-like) or 1'2 (p-like) symmetry. The symmetry is 
reduced at the surface, and the states of A^ and; T 2 symmetry mJx. 


A. Bulk antisite Defects 

For concreteness, consider the .,nlon-site hulk antisite defect (Ga As ) in 
GaAs. Take as a basis (1) the s- and pborbitals of the antlslte defect atoms 
|s> and |p> (with energies c g and tp) and (ii) the main s-like (or 
Aj-symmetric)^and p-like ^-symmetric) orbitals of the rest of the solid 
without the central atom — namely the A| and T 2 orbitals of a vacancy (with 
energies E(Aj;v) and E^jv)), In a model which considers only the defect and 
its four neighbors, the vacancy Aj orbital Is 


IAj;v> - ( |1> + |2> + |3> + |4> )/2, 


(D 


where |l> is the Inward-directed sp^-hybrld centered on the i-th neighboring 
site' (111. Similarly the relevant T 2 ~vacancy orbital is 


|t 2 ;v; - (12)" l/2 ( |i> + |2> + |3> - 3 |4> ). 


( 2 ) 


The i orbital of the .wtlsite impurity only interacts with |Aj;v>; and the p 
orbital which is polarized toward atom 4 interacts only with |T 2 ',v>. Notice 
chat the wavefunctlon is equally distributed among the four hybrids for the 
1Aj;v> orbital, but is more heavily weighted on hybrid |4> for the |T 2 ;v> 
orbital. The model bulk antisite Hamiltonian can be simply written as a direct 


sum: 
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'‘bulk 


H(A t ) 


H(A' t ) 0 

o H(T 2 ) 

where we have (In the basis |Ajjv>.ahd |s>) 
ECAjjv) -t(A t ) 

-t(Aj) £- 3 

and (In the basis 1 t 2 ;v> and |p>) 

E(T 2 ;v) -t(T 2 ) 


H(T 2 ) 


-t(T 2 ). 


(3) 


(4) 


(5) 


The vacancy energies E(Ajjv) and E(T 2 ;v; are obtained from,Green's function 
calculations [9| of Ideal vacancy energies, and are the eigenvalues of IKA^) 
and H(T 2 ) In the Unit of e g and e p being Infinite [121, The energies e s and 
e p are determined from atomic energy tables; for example, c s Is 8021 of the 
difference Is s-ocbltal energies of Ga and As for Ca on, the As site in GaAs 
[8,9]. The coupling parameters t(Aj) and t(T 2 ) are obtained by fictlng 
calculated [9] bulk antlslte defect levels. 


B. Surface amisite Defects 

We next change one of the four neighbors (atom 4) surrounding the 
antlslte into a vacancy. This Is accompl shed by allowing the ar.clstte only to 
interact with the a^ or o-ilke molecular orbital, which has no caplltude on 
atom 4: 


!*;> “ (/3 |A t ;v> + |T 2 ;v> )/2 


( 6 ) 
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The surface Hamiltonian of the ancisite interacting with only three 
neighbors becomes (in a basis |aj>, |s>, and |p>) 


^surface 


c(a,)- 


(7) 


where e(aj) is the self-energy of the remaining three sp^-hybrld orbitals, and 
is given by 


• Up - (3 E(Ajjv) + E(T 2 ;v)]/A. 

( 8 ) 

The s and p orbitals of the antisite Interact with the remaining sp^-hybrids 
with reduced strengths t t - /3 t(Aj)/2 and t 2 ■ t(t 2 )/2. 


In this simple model, the changes due to the surface are contained in thi 
facts that (a) the s and p orbitals of the antlslte interact with an "average" 
hybrid orbital of its neighbors, having "average" energy t(aj), and (b) the 
strengths of the interaction for the surface are reduced from those of the 
bulk. Both effects, in particular (b), can markedly shift the surface antlslte 
levels from Chose of i.he bulk. 


The results of this simple model are compared with the full surface 
Green's function calculation in Figs. I and 2. For the 

cacton-on-che-anion-site defect (e.g., Ca As ), the model yields only one level 
in or very near the band gap — an acceptor level that can produce Fermi-level 
pinning and Schottky barrier fo-maticn for an n-typc semiconductor. The 
detailed calculations (6] also produce only a single prominent level in the 
band gap for this defect —* again an acceptor level. When Che results of the 
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Anion-Site Antisite Defects 


AlAs GaAs GaP InP 



Fig. 1. Predictions of simple four-aton model for acceotor levels 
associated with catlon-on-anlon-slte antisite defects (open circles) compared 
with predictions of detailed calculations (open squares) (6). 
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Fig, 2. Predictions of simple four-atoa model for acceptor and donor 
levels associated with anion-on-cation-slte antisite defects (circles) 
compared with predictions of detailed calculations (squares) [6]. Open circles 
and squares are acceptor levels (empty for neutral defect), and solid circles 
and squares are donor levels (filled for neutral defect). "Model 2" represents 
the "exact" calculation for the four-atom model, and "Model l" represents a 
calculation in which the indirect coupling becueen s-orbital and dangling-bond 
p-orbital on the defect site is neglected. (See texc.) 
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simple model (open circles) and detailed calculations (open squares) are 
compared In Fig. I, It can be seen that the chemical trends are In remarkably 
good agreement. 


A similar comparison for the ocher antlslte, the anlon-on-the-catlon -site 
defect, Is shown In Fig. 2. As described above, two versions of the simple 
model were used: In "model l," the 3x3 problem of Eq. (7) vas artificially 
decoupled to yield the two 2x2 problems of Eqs, (4) and (5). This amounts to 
neglecting the Indirect Interaction between the defect-site s-orbltal and 
dangling-bond p-orbltal via the direct interaction of each of these orbitals 
with neighboring orbitals on the adjacent anion atoms. (See Eq. (7).) In 
"model 2," the full 3x3 problem Is solved. In both models, one acceptor level 
and one donor level are produced In (or very near) the band gap. (The "better" 
model, model 1, gives che "worse" results because of the hybridization of 
s-orbltal and dangling-bond p-orbltal on the antlslte defect; this Is not the 
relevant point, however.) As can he seen In Fig, 2, elcher of these versions 
of che simple 4-atoa model (open and solid circles) yields chemical trends 
almost Identical to those of the detailed calculations (open and closed 
squares). 


The agreement between the simple models of both defects and the detailed 
calculations Indicates that both approaches provide a. reliable description of 
the chemical trends. It also Indicates that these trends have a simple 
physical origin, principally Involving the dangling-bond p-orbltal for th* 
anton-site defecc (e.g., Ga As ) and boch the s-orbltal and dangling-bond 
p-orbital for the cation-site defect (e.g., Asq 3 ). 
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Ftg. 3. Predictions of detailed calculations for the catlon-on-anlon-slte 
defect (e.g., Ga A ) and the anlon-on-catlon-slte defect (e.g., As Ga ) at 
relaxed (110) surfaces of III-V semiconductors and their alloys. Only the 
acceptor levels, relevant to Ferml-level plnnlngs on n-type semiconductors, 
are shown. For At x Gaj.. x As, note that the slope of the acceptor level (dE/dx) 

Is large for the catlon-on-the-anlon-slte defect and small for the 
anlon-on-the-catlon-slte defect. The experimental data for Au contacts to 
various alloys, and At and In contacts to Al x Gaj_ x As, are also shown. 
(References to the experimental papers are given In Refs. (3) and [6J. We 
attribute the data for Au contacts and for AS contacts to Al-rJch At x Gaj_ x As, 
to Fernl-level pinning by the cation-on-the-anion-slte antlslte defect. The 
anlon-on-catlon-slte defect Is Identified as responsible for pinning the Fermi 
level at In and A l contacts to Ga-rlch Al x Gaj_ x As. These results Indicate that 
the slope of the Ferml-level pinning position as a function of alloy 
composition (dE/dx) can serve as a signature of the defect type. Th'. 
conduction band edge Is denoted E c . 
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In Fig. 3, fe show predictions of our detailed calculations for several 
III-V alloys, compared with experimental Fermi-level pinnir.g positions 
Inferred from measurements of Schoctky barriers and MOS 

(metal-oxygen-seralconductor) structures. (The sources of the experimental data 
are cited In Ref. 16] and the review of HSnch (3).) For Au contacts to all 

alloys, the data appear to be well described by the caclon-on-anlon-slte 
defect level (e.g,, Ca Aa ), This defect state Is cation dangllng-bond-llke In 
character and draws Its strength mainly from the conduction band. Hence Its 
energy changes considerably as the alloy composition varies. 

The data for In and At for small x In Al x Gaj_ x As however show only a 
modest change with alloy composition. In fact, At appears to produce a kink In 
the Feral-level pinning position as a function of x. The defect model readily 
explains this behavior In terns of a "switching" of the dominant defect fron 
the catlon-on-anlon-slte defect (e.g., Ca Ag ) for large x to the 
anion-on-catlon-slte defect (e.g., As Ca ) for small x. The anlon-on-catlon-slte 
defect level has anion dangling-bond character, Is valence-band-like, and 
hence shows little change as the alloy composition x varies. 


III. SUMMARY 

Thus the simple picture of Ferml-level pinning by deep energy levels 
associated with defects accounts for the chemical trends In che Schotcky 
barrier data. Indeed, Che essenclal physics Is contained In the simple 
four-atom model which, In a hybrid basts, can be easily evaluated. 


We thank the Office of Naval Research (Contract Nos. 
NC0014-84-K-0352 and N00014-82-K-0447) for their generous 
support. 
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A theory of s/r-bonded substitutional deep impurity levels in periodic A', ■ .Y« 
GuAs/AI.,Ga|_, As superlattices predicts that as the thickness /(GaAs) of each GaAs layer is re¬ 
duced below a critical value (S 17 A or /V, 5- 6 for x =0,7; common shallow donor impurities such 
as Si cease donating electrons to the conduction baud and instead become deep traps This happens 
because the deep levels associated with point defects in either GaAs or AI,Ga ( .,As layers (when 
measured relative to the valence-band maximum of GaAs) are much less sensitive to changes of the 
alloy composition or layer thicknesses of the superlattice than the superlattice band edges, particu¬ 
larly the conduction-band edge. For some compositions x. dopants such us Si are hallow donors in 
A'X.Y GaAs/AI ( Ga|.,As superlattices but deep traps in Al,, ».Ga.„ (Ju j.As alloy (the alloy ob¬ 
tained by disordering the superlattice). The band gap and band edges of the superlattice, and hence 
the ionization energies of deep levels, depend strongly on the layer thickness /iGuAs) but only weak¬ 
ly on /tAl.,Ga t _ A As). The Ty and A !-derived aeep levels tof the bulk point group T,i) are spin and 
shifted, respectively, near a GuAs/AI,Ga,_,As interface: the p-like level splits into an a . t p.- 
like) level, a b t (Ip, -fp,.l-like) level, and a lu [tp, -p r )-like] level of the point group for any get.eral 
superlattice site iC. r ), whereas the s-like A t bulk level becomes on o, (s-like) level of C«,. The or¬ 
der of magnitude of the shifts and splittings of deep levels at a GaAs/AI,Ga|_ , As interface is 0.1 
eV. depends on .v, and becomes very small for impurities more than about three atomic planes uv> ay 
from an interface. Deep levels in the GaA.> quantum wells experience level shifts due to (:* penetra- 
i lion of their wave functions into the more electropositive AI,Ga,As layers, (ii< the hand offset, 

and (iii) quantum confinement. The cation vacancy, when brought close to a GaAs/Al.Ga, ,.As 
interface, may undergo a shallow-deep transition. These predictions are based on a periodic su¬ 
perslab calculation for unit superslabs with total thickness /tGaAsl+/iAl l Ga l _,As) as large as 102 
A or .V, t.V; =36 tvvo-atom-lhick layers. The Hamiltonian is a tight-binding model in a hyorid 
husis that is a generalization of the Vogl model and properl) accounts for the nature of interfae.ul 
oonds. The deep levels are computed by using the theor> of Hjalmarson et al. and the special- 
points method. Our results indicate that some normally shallow donors, such as Si can become 
deep levels at cer nn sites in the superlattice : a result of local fluctuations in alloy composition x 
or layer thickness nGaAs). 


I. INTRODUCTION 

Modulation doping of GaAs/AI,Ga ( _ t As superlat¬ 
tices, 1,2 by which Si impurities are inserted into the 
large-band-gap Al., <7a,_,As layers of a superlattice but 
donate their electrons to the small-band-gap GaAs layers, 
has already played a r*Me in the development of high¬ 
speed Ill-V-compound semiconductive devices. Howev¬ 
er, practical devices bu*ed on Al A Ga,_,As often are lim¬ 
ited to alloy composition* x <0.3 because of the inability 
of Si to dope n type for .v >0.3, ' apparently because of 
the formation of Si-reiated centers that are deep 
traps. 1 " 11 Furthermore, some devices, such as HEMT’s 
<high-electron-mobility transistors) operate using 
quantum-well ‘‘.nurtures 12 at or near GaAs/ 
AljGa,. v As interface* and the performance of these de¬ 
vices depends on the doping te.g.. by Si), the alloy compo¬ 
sition x. and the superL’iice structure. 1 ' Clearly, a 
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theory of impurity levels in superlattic-s and !u astruc- 
tures is needed to understand the conditions under which 
a specific impurity proJuces shallow donor levels and 
"dopes" the semiconductor versus the conditions for 
deep-trap formation and the trapping of carriers. That is 
the purpose of this paper. Das Sanaa and Madhuhar 14 
have previously discussed the d*-e ( levels of vacancies in 
some superlattices, but, to our know leuge, the present 
work is one of tne first systematic studies of the cnemieal 
trends of deep impurity levels in superlatives. ' ’*■ \Ye 
do know that Hjalmarson,’ Neis. n et a!.,' 1 ' and Lannoo 
and Bourgoin 10 are studying deep level in parallel with 
our effort, however, dihough w. are not fully aware of 
the current stale of their work. This is also the first treat¬ 
ment of defects in Luge-layer superlatives. w* consider 
unit supercell* typically atomic planes thick. 7tie 
theory developed here is ..a extension to supetlattices of 
the theory of Hja inarson et al. : " of deep impurity levels 
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in/the; Bulk, which has.successfully predicted.deepdeveis 
andithesrwavc functions; :1-:J 

II. FORMALISM 
A. Host Hamiltonian 

We treat a periodic GaAs/Al^Ga,_ v As superlattice 
whose layers are perpendicular to the [001] direction. 
We employ a nearest-neighbor tight-binding-Hamiltonian 
with an s*sp y basis of five orbitals at each site. Our 
Hamiltonian, in the limi. x =0, is identical to the Vogl 
model for GaAs. Some differences are introduced be¬ 
cause of the superlattice, which we treat using a su¬ 
perhelix or supercell method. The superlattice we con¬ 
sider has N | two-aton -thick layers of GaAs and AN two- 
atom-thick layers of Al iV Ga ( _ iK As repeated periodically; 
the GaAs and Al, v Ga|_ it As are assumed to be.perfectly 
lattice matched. We denote this, superlattice either as a 
(GaAs) t y/(Al x Ga|. A As),v, superlattice, or as a 
GaAs/AljtGa^^As superlattice with A'| GaAs layers 
and A\ Al<Ga 1; .,,As layers, or as ah A'iXA'- 
GaAs/Al|Ga|_, v As superlattice. 

We first define (for the case x * 1) txsuperhellx or su¬ 
percell as a helical string with axis aligned along the [001] 
or r direction consisting of 2;V, + 2A r ; adjacently bonded 
atoms As, Ga, As, Ga, As,..., Ga, As, Al. As, Al, As, 
Al,..., As, Al. (For xsM. replace Al, by Al,Ga,_ <r .) 
The center of this helix is at L and each of the atoms 
of the helix is at position L+v fl (for ft 

- », i;.. ,2A', + 2.V; -1). A superslab of 
GaAs/Al. v Ga,_.,As consists of all such helices with the 
same value of L, and all possible different values of L x 
and L y , and the supcrlattice is a stacked array of these 
supersiabs. If the origin of coordinates is taken to be at 
■ _ : _;_I 


an Asatom, the.j^apd'--y»axesi aire oriented such that ;a 
neighboring cation is at where is the lattice; 

constant. At each site there, are s*sp* basis orbitals 
i«,L.y/;)., where •$,_ :p x , p yt or p ;i and 

j8'=p,;l,2,.... ,-2Af|-+.2:Vj.— 1- From; these basis orbitais 
we form the sp -' hybrid orbitals at each site R=(L,v fl ). 
The hybrid orbitals are 

!/»,.R)=Us,R)+A|p jV ,R)+/; p r R)+K<p ; .R)}/2 . 

! /i«, R1=[. | s;'R)+A | p x . R’i —i p y , R) - . R) ] /2 , 

! /t},R)=[ |r.R) —X j/> v ,R)-rA !/>,.,R) — /. ,/?;;R)]/2 , 
and 

| /i 4 ,R) = ( |.e,R) — a |/> A .R)—/. lp' f ,R)+\ t t p.,R)]/2 , 

(!) 

where 7. = +1 f-l) for atoms at anion (cation) sites. 
Next, we introduce the label vaj*, A,, h :i h y or /i 4 , and 
our hybrid basis orbitals are i v.R). In terms of these or¬ 
bitals we form the tight-binding orbitals” 4 

| v,/?,k)* 1/8 2 ex P<fk’L+/I * v fll! ''.L.v^l, (2) 

t 

where k is (in a reduced-zone scheme) any wave vector of 
the minizone or (in an extended-zone scheme) any wave 
vector of the zinc-blende Brillouin zone. Here. A', is tne 
number of superceils. 

The minizone wave vector is a good quantum number. 
and so the tight-binding Hamiltonian is diagonal in k. 
Evaluation of the matrix elements tw/?,k H v'.jS'.k) 
leads to a tight-binding Hamiltonian of the block- 
tridiagonal form. For different ft and ft', the first three 
rows of block matrices are 


HiO.Q) Hi 0,1) 0 . 

H*i 0,1) Hi 1,1) Hi 1.2) 0 0 

0 //•(!,2) Hi 2,2) Hi 2.3) 0 


0 HIQ, 2.V 1 -r2.V J —l) 
0 0 

0 0 


( 3 ) 


The last row of blocks is 

7/ *(0,2A’j +2A'j — 1) 0 0 0 //*(2A',-2A' ; -2.2.V,^2A' ; -I) Hi2.\\ J-2.Y : -l,2.V I -i-2A r : -l) 


Here, Hi ft, ft') depends on k and is given in terms of vari¬ 
ous 5x5 matrices for different v and v*. 

The diagonal (in /?) 5x5 matrix. H\ft,ftt at site/?, is 


f----- 

where 

=te 1 -r3c / ,)/4 (6) 


Hift.ft)=lv,ft,k H 


v'.ft, k' = 


c . 0 0 0 0 | 

0 z h T T T j 

0 T c h T V \ 
0 T T c,-, T , 

0 T T T c* | 


is the hybrid energy, and 

T = <£,—£, )/4 (7) 

L- tire hybrid-hybrid interaction: the energies s e,,. and 
7’i;: 1! ft. ft • refer to the atom at the/?th site, and may be 
obtained from the energies »■ tabnlated by V'ogl er ui. 1 - 
To account for tite observed' 1 videncc-oand-edge dtseon- 
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;V, = 'Vj-t*cc. 

The' off-diagonal matrix elements-(v,^k‘|W J y',/?',k) 
or H((3,ft fare best expressed in terms of.matrix elements 
of7/ between i *. s, andp.orbitais. This is accomplished 
by tlsc transformation 


<v,p,k | H !V,/3\k)= J C(v.« )P)C(v',n , .;P , )ln,P f k j // «',/3',k), (8) 

vT 

where we have the s*sp } tight-binding functions. 

\n,P,k)*S' s rU ‘ i '2 l tw(ik'h+iV.-Vi { )\ii.b,v ({ ) , - (9) 

L 

and the 5X5 matrices Cltyt \p) arc s 

i* s p x p y p. 

jM 1 0 0 0 0 

•h\ 0 t +A/2 +A/2 +A/2 

C(v,«; 0 )» /{j 0 , +A>/2 ^ /2 , ( 10 ) 

h } 0 | -A/2 +A/2 -A/2, 

,-*4 ; 0 | -A/2 -A/2 +A/2 , 

where A= • v l (-1) if 0 refers to an anion (ca,ion). 

There are several distihct.cases for which the off-diagonal (in p) matrix elements (/t,/3,k|tf are nonzero 

(for faff). 

/. Intramaterial matrix elements 

If p and /F both refer to nearest-neighbor sites in the same material (either the GaAs or the Al^Ga^As), we have 
(assuming P and p are in material number l, the GaAsi, for example, 

(n,/?,k| // |«',/3*,k)=// flal , (11) 

if P refers to a cation and P" refers to an anion. H cM is a 5x5 matrix whose rows and columns are labeled by n, which 
ranges over the values s*, s, p x ,p y , and Similarly, we have matrix elements H ale( , H a:f ,, and 3a2 , These matrix 
elements are. 

0 0 -V(s\,pa)g^ 

0 y(s,s)g^. a —V{sc,pa)g* (a 

V(s*a,pc)g* C(J V{sa,pc)g\ w Vl-y.xlgota 

V[s*a,pc)g^ V[sa,pc)g * ra Wx^Soca 

V(s'a,pc)go <a V{sa,pc)gu ca Na.J'tefn, 

and 

0 0 V[s m a,pc,)g lac 

0 Ws.steo*- y(sa.pc)g , U( . 

tf u ici = -K(sV,pa)g lat . -K(5c,/7a)g lat . K(.t..v)g (W 

V(s*c,pa)g lac V(sc,pa)g tl!C -V‘x.y)g ()<ic 

Vls*c,pa)g 0iIC K(j c,pa)g^ c - n.v.y)g? a( . 

All of the matrix elements K are those tabulated by Vogl at air* for material number 1 *\iz., GaAs). Identical expres¬ 
sions exist for H ai i2 and // t2u2> with Al^Ga,. A As matrix elements. (The Al t Ga, 4 As matrix elements are obtained by 
a virtual-crystal average of the Vogl matrix elements for AlAs and GaAs. x times the corresponding AlAs matrix ele¬ 
ments plus 1 —x times the GaAs ma,*?i.\ elements.) 


-ns’a.pcJg,^. — V(s*a,pc)g( klc . 

- V(sa,pc)g lar - KUa.pcJgo*. 

- K(.v,y)g 0j , -^.t,y)g lut . . ( 13 ) 

n.v..v)g lw n.v,y)g 1(ic 

K(.r,y)g lu< . y(x.x)g lkic 


— yis*c,pa)g*f U ~y(s*c,pa)g^ 

— y(sc,pa)g* n — y[se,pa)gg ca . 

Wx,y)gl- a y(x,y)gf m (12) 

Mx.xlg^ y(x,y)gf C(l 

Wx,y)g f«, y(x,x)g^ v 



.tiriuity pf ‘3?% of the direct band.gap, 27 a constant is 
■added'.to i-« and e;, for AljGai .., As; this, constant is ad* 
justed : to give the valence-band maximum-, of 
Al^Gaj As below the valence-band,maximum of GaAs 
by 32% of the direct-bahd-gap difference in the limit 
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2. Iniermdt'erial'matrix elements 

At the interface between GaAs and Al^Ga|_ x As there willbe nonzero 'matrix elements of H for each bond between 


nearest neighbors. Thcse are //„ 2 r.i arid # c2ol : 





0 

0 

V(s*o,pc)g ia< . - 

V(s*a,pc)g | Uf 

-V(s*a,pc)g ()ac 


0 

V(s>')go<,c 

V{sa,pc)g Ul ' - 

-V(sa,pc)g w 

-V<sa,pc)g 0w 

Halci 

-V{s*c,pa)g Ulc 

-V(sc,pa)g Uc 

V(x,x)g {]JC 

-Wx,y)go«c 

-Wx,y)g , (lf 


V(s’c,pa )g| Uf 

V(sc,pa)g la , 

- k'U.d’teoac 

I / (.x,.v)g 0iIf 



V(s’c,pa )g 0a( 

V{sc,pa )g 0ar 

-*nx,y)g lflf 

Ylx,y)g [ac 

l/ (x,x)g ihc 

and 


0 

0 

-V(s'c,pa)g\ K 

V{s*c,pa)g; uc 

V[s t c,pa)g^ l< . 


0 

F(^s)go af 

\-V(sc,pa)g\„ e 

V(sc,pa)g* ia( 

V(sc,pa)g^ c 

^cia 1 ~ 

V(s*a,pc)gl c 

Visa,pc)gl ( 

1 ( )g Quc 

- Fl-x.rJgoV 

-V(x.y)g\ w 


— V(s*a,pc)g * w 

— V(sa,pc)g * J0 

-y(x,y)go Jt . 

V(x,x)g^ f 

f'(x,y)$t uc 


-F(s*a, pc )#£,,. 

- v ^a,pc)gl K 

-nx,y)g u 

V(x,y)g f ac 

n.v,.v)g ( ‘ to( . 


Here the Vogl matrix elements are those for the bond in 
question: If the cation is Al v Ga,_ x and the anion is As, 
then the matrix element is the Al^Ga^As matrix ele¬ 
ment obtained by a virtual-crystal average of the AlAs 
and GaAs values. We also have 

Soca == ex p( / k • d |) -f- exp( / k ■ d 4 ) , 

Sico=exp('k‘d,)-exp(/k-d 4 ), 

Soac= ex P^k , d : )-rexp(/k > dj) , 

and 

g iac —cxpl/k’dj)—exp(t'k'dj), U6) 

where we have 4d./a i> =(1,1,1), (1,— I,— 1), and 
(—1,1,— 1), and < -1,—1,1) for / =1, 2, 3, and 4, respec¬ 
tively. Here, a L is the room-temperature lattice constant 
of GaAs, 5.653 A, which we assume is equal to that of 
AI,Ga,_,As. 2S 

In this work we study deep impurity levels in superhel¬ 
ices as large as A’ t +A f 2 =20; that is, in 40-atom-thick su- 
perslabs. :<) The dimension of the Hamiltonian matrix at 
each value of k is 5(2A r ( -f 2A\), because there are five 
orbitals per site. We diagonalize this Hamiltonian nu¬ 
merically for each (special point) k, finding its eigenvalues 
£„ k and the projections of the eigenvectors jy,k) on 
the ! v,/J,k) hybrid basis: (v,/J,k j y,k). Here, y is the 
band index (and ranges from 1 to 200 for A' I =A , ; =10< 
and k lies within the mini-Brillouin zone in a reduced- 
zone scheme or within the GaAs Brillouin zone in an 
extended-zone scheme. (We assume that GaAs and 
Al x Gai_,As are perfectly lattice-matched.*'") 

B. Deep levels 

The theory of deep levels is based on the Green V 
fuiuiion theory of Hjulmarson el ul., v> which solves lit. 


!- 

secular equation for the deep-level eneigy £, 

det[l -<•(£)!'] 


=0=det 

1-P f 

6(£'-//) - ? - 

dE’ 


J 

£ —£ 



Here, Kis the defect potential matrix, 10 which is zero ex¬ 
cept at the defect site and diagonal on that site, 
(0.F,,Ip,Ip, V p ), in the Vogl s*sp y local basis centered 
on each atom. We also have G = (£ —H)~\ where H is 
the host tight-binding Hamiltonian operator. The spec¬ 
tral density operator is 8(E'—H ) and P denotes the 
principal-value integral over all energies. In the funda¬ 
mental band gap of the superlattice, G is real. 

1. Point-group analysis 

A substitutional point defect in either bulk GaAs or 
bulk AljGa^As has tetrahedral iTj) point-group sym¬ 
metry (assuming a virtual-crystal approximation for 
Al,Ga t _ x As). Each such 5/r x -bonded defect normally 
has one s-like (A ,) and one triply-degenerate p-like (7\) 
deep defect level near the fundamental ba« d gap. If we 
imagine breaking the symmetry of bulk GaAs by making 
it into a GaAs/GaAs superlattice along the [Ouil direc¬ 
tion, we reduce the T d symmetry to £> :</ . If. in addition, 
we change alternating slabs of GaAs to virtual-crystal 
Al v Ga,„ v As. forming a GaAs/A! x Ga, _ v As superlat¬ 
tice. then the point-group symmetry of a general substitu¬ 
tional defect is C 2r . (For selected Mies. e.g.. at the center 
of a material, the symmetry can be highei .* Note that the 
Cv. symmetry we find differs from thin v; Ref. 14. In the 
GaAs/AI^Gaj. t As superlattice the f and 7\ deep lev¬ 
els if the bulk GaAs or A! x Ga, ,Av produce two lev¬ 
els one v-like. derived from the Lvel, and one 7\- 
derived y?.-IikeJ. one b t level [ .p x ~p t like], and one b 2 
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level;[f p x —?- Fitke}. Of course, for impurities far from a 
Ga ks/Al*Gaj_,,A> interface, she s-iike a,-level will have 
an energy yeryarjosc-so iae chergy of a bulk A t level, and 
she f--Hke a\ levei and she b. and b, levels will lie close 
Sv she busk T, level also. We normally expect, to tir.d the 
7,-derived a, level between the b, and b 2 levels, but if 
thetlevel lies close to the valence-band maximum, then 
the splitting of the valence-band edge into a lp x -rp r l- 
and lp k — p r i-like maximunt with a p.-like edge at slightly 
lower energy 'because; of the smaller effective mass) may 
cause the a, deep le - .el to lie lower in energy than the b, 
and b 2 levels.by acompardble energy [see Eq. '17)]. Note 
that this splitting exists even for defects distant from the 
interface and is^a-consequence-of the different host spec¬ 
tral; densities in the superlattice for a, and b{. and b, 
states; : 


2. Secular equations 

The secular equation..Eq. <!“*; is reduced by symmetry 
to the following three equations: 


G(b,;£)= V~ l 

for b, levels , 

(IS) 

Gib 2 :E)=yf l 

for b 2 levels . 

•19) 

and 



| G(s,s:EW f -\ 

Gl;.z;£)V p j 


det ( G(z.s:E)V s 

Glz.::EW p -\ j =0 ’ 

i20< 


for a , levels, where we have 


G‘b x ;•£)- N 

:-.k. 


i fb p/J.kj r,k> ^(/t 4 ,j5/kjy,k>}: 2 
. 2 (£ —£ vk 3 


Glb 2 ,E)=2~ 

y.k 

G(j,s;£)= ^ ■ 
•/. k 

Gli,z;E)=2 

r, k 

and : 


j;A-,/7,k.| y,k) -(h-;(l,k 1 y, k) j ~ 

2(£ —£.. k 5 

{,.(Ak !.y,k) -r( b 2 ./J,-k. y.k)+i/t 3 ,4 k l7.k)-r(A 4 ,/?,k ] y, 
~ ' 4(£ -£ r . k ) 

i (7i. ? /?;k : j y, k} — l A 2 ,/3, : k.jy, k) — (A .,/3, k ] y,k)+(b 4 ,/?,k!.y f 
4f£-£. / .i c ) 


k>| : 


k)|’ 


*211- 


( 22 ) 

(23) 


(24) 


Gis;z\E)= ^ [(b,,/J,k i y,k)-r(7i 2 ,£,k J y,-k)--MA 3 ,ftk| y,k}+(b 4 
;\k 


/? n « l/\l. 


X[(b„/?,k! 


}',k)—(A 2 ,/?,k j y,k>—(bj,£,k I y,k)-4-(b 4 ,/3,k | y,k>]'[4(£ — £., k )]‘ 


(25) 


r 


Here, G(z,s;£) is the Hermitian conjugate of G(s,z',E) 
and /< is the site of the defect-in the superlattice. 

For each /? the relevant -host Green’s functions, Eqs. 
(21)—(25), are evaluated using the special-points 
method,’ 0 and the secular equations (IS'-(20) are solved, 
yielding E(b i ]V p ), E(b-r,V p ), and two values of 
£(a,; V K , V p ). The defect-potential matrix elements V s 
and V p are obtained using a slight modification of 
Hjalmarson’. approach. ,l ”' : For iV, =;V 2 = 10, there are 
40 possible sites /?, each with four relevant deep levels: 
two a t , one b,, and one b 2 ; thus there are 160 levels. 

3. Special points 

For our studies of deep levels in the band gaps of su- 
perlattices, we consider only superlattices such that 
(.V, -r.\\)/4 is an integer. In such cases the-sum.-. over k 
in Eqs. (21)—(25) can be performed using 12 special points 
k=( -/4a/_)u, where we have the value u and the weight 
it - of each special point lu:u.'t:’° (7.3.1:^*. <5.3.1:-), 
(7,1.1:-'. <3.1. l;i). <3.5.1: L ). (1.1.1; L . t-7.3.-l:y». 
(-5.3.—1:4 1 . (-7.1,r — 3.1. — I:-». 


(—3,3,-l;-L). and ( —1,1,— l;-L). For (jV, + .V- )/4 an 
integer and a GaAs/GaAs superlattice, either the first six 
or the last six special points would be sufficient to give 
the Green’s function at any site in the superlattice with 
the same accuracy as Chadi’s and Cohen's” ten special 
points for bulk GaAs, which are known to give an ade¬ 
quately accurate bulk Green's function. However, for the 
GaAs/Al,Ga,_ x As superlattice, 12 special points are 
necessary because of the reduction of symmetry from D 2ll 
to C 2t , from GaAs/GaAs to GaAs/AI t Ga, _ ( As. 

III. RESULTS 
A. Host band gap 

Our calculations produce £.. k , the superlattice band 
structure, including the band gap, which exhibits a par¬ 
ticularly interesting behavior as the thickness of the 
GaAs slabs, /(GaAs! = ;V 1 «,/2 (where a, =5.653 A is the 
lattice constant o! GaAs). or the number of GaAs layers. 
.Yj. becomes small in comparison with the thickness. 
«Al ( Ga, , As)=.V.« : or the number of layers. ,V ; . 
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of Al^Ga-^Asslabs: Thesmail-band-gaf-GuAs layers, 
become quantum wells surrounded by iarge-band-gap 
Al^Ga^^-As (Fig. 1). As a result, the band-gap of the su¬ 
perlattice increases from the GaAs band-gap'toward the 
Al v Ga,„,As band gap as S', decreases (for A\ large). 
(Qualitatively similar results for smaller A*, -f-.Vi super¬ 
lattices have been reported by Schulman and MeGill for 
GaAs/AlAs superlattices.•'*1 This is demonstrated by 
the calculated results of Figs. 2 and 3. The band gapwas 
taken to be the smallest gap found at one of the following 
k=[2~/a L )S poin;% of the mini-Brillouin-zonc: 
S=10,0.0), (0,0,r), U.j.r). (},{,0), (l,0,r). and ll,0.0). 
where we have 7=(A r ,-f.V ; ) -1 . For A : { large, the gap 
was invariably at k=T=(0,0,0), but for small A r j and 
large a- (somewhat larger than 0.3) it was sometimes 
found at S=(-f,i,7) or (4,4,0). For example,.in Fig. 2 
we see the results for A r , xA' ; GaAs/AI 0 7 Gao _:As super- 
lattices: the valence-band maximum is at F and the 
conduction-band minimum for thick GaAs layers 
(iV| > 8) is also at I\ However, for thinner layers 
(2<A',<8) the wave vector of the superlattice 
conduction-band minimum is at l2rr/a L ){4-,4-,0) and the 
superlattice states associated with this minimum are 
largely derived from GaAs conduction-band states from 
near the L ^oint, (27r/<3 t u 4-, 4-, 4-), of the bulk Brillouin 
zone. This is the case because the L point in the bulk, 
(2~/a t )(4,4,4), is the sum of (2tr/fl/ )(4,4,0) and 
(lz/a L )(0,0,{}, and the bulk point {2tr/a t h0,0,4) corre¬ 
sponds to f = (0.0,0) ip. the superlattice Brillouin zone for 
A*i+A\ even. In the thinnest superlattices, .V, ~ 1, the 
Al A Ga,_*As A' point, Gtr/a^ )(0,0,1), is reflected in the 
super! vttice conduction-band minimum. These 
conduction-band minima away from the P point of the 
superlattice Brillouin zone have severe consequences for 
the optical properties of small-period GaAs/Al 0 7 Ga 0 v 4s 


superiattjees: the superlaiticcs will be indirect-band-gap 
materials, and hence will be poof candidates for light- 
emitting devices. For A r , = I in Fig. 2; the band gap is 
direct and the superlattice conduction-band minimum is 
at T. although this minimum is derived'from the Appoint 
-of the Al 0 7 Ga„ : As band structure, and so or.e should ex¬ 
pect the direct transitions associated with it to be weaker 
than those associated with the GaAs T minimum for 
A'i > 8. for example. 

The band gap is somewhatmiore sensitive to changes of 
the GaAs layer thickness than to changes in the 
Al v Ga]_ t As layer thickness, as demonstrated in-Fig. 3. 
This sensitivity of the superlattice band gap to the GaAs 
layer thickness is important-for the physics of deep levels 
in superlattices because, as we snail see below, the deep 
level., have energies relative to the GaAs valence-band 
maximum that vary relatively little with the thickness of 
the GaAs layers. Hence a deep level that is near the 
conduction-band edge but within the gap in a GaAs 
quantum well can be “covered up" and autoionized by 
the conduction-band edge when the GaAs layer thickness 
is increased and the conduction-band edge descends in 
energy, while the deep level remains at a relatively con¬ 
stant energy trig. 4'. Here it is important to remember 
that we use the new definition of a “deep" leve! :o as one 
that originates from the perturbation caused by the 
central-cell potential. (This contrasts with the old 
definition as a level that lies within the band gap by at 
least 0.1 eV.) As a result there are “deep resonances'* 
that lie in the conduction band, above the band gap. We 
shall see below that Si in GaAs. although producing only 
shall, w levels in the band gap of bulk GaAs f i.e., its deep 
levels are all resonances that lie in the conduction band) 
is a candidate for producing a deep level in the band gap 
of a GaAs/Al,Ga ( _ v As superlattice, in the GaAs 
quantum-well limit. For neutral Si this level, when in the 
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FIG. 1. Illustrating die ( i:.intum-vvell effect on die hand gap /SL' of an .V, ■ .V, GaAs/Al. -Ga., .As superlattice: la' 
A: =.\; — 18 and (b* A , =2. A ; — a-). 1 lie band -.dees of die stiperlatiue are denoted by chained lines. For ibis alloy composition the 
superlatttee gap is uulnest for ease dvr. with the conduct ion-band edge at h- 2-/,,, H I,0i. Note the biohcn energy scale. The 
zero of energy is the v .deuce-! vid maximum oj GaAs. 
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N,xN 2 GoAs/AI 07 Go 03 As 



Number cf GoAs layers N, 

FIG. 2. Predicted energies (in eV) of the superlattice 
conduction-band minima mu. valence-band maximum with 
respect to the valence-band maximum of bulk GaAs for a 
vJ:iAs/AI,Ga|_, As [001 j superlattice vs reduced layer 
thicknesses ;V[ and :V : for various ;Y, X ,V\ [001] 
GaAs/Ai t Ga| , As superlattices, with x =0.7 and .V, -f.V, 
fixed to be 20. The calculations are based on the low- 
temperature band structures .of GaAs and Ali^GaojAs, with 
bulk band gaps of 1.55 and 2.22 eV, respectively. The 
conduction-band minimum of the superlattice is at 
(2rr/a t )(4.4-..0) for the triangular points, at k=0 for the circles, 
and at (2-/a t )(K0,0) for the rectangle. The superlattice 
valence-band maximum is tit k=0. Note the broken scale on 
the ordinate. The positions of the band extrema of bulk GaAs 
at f, L, and X are shown on the right of the figure, at :V, =20. 


fundamental band gap, will be occupied by one electron. 
When the GaAs layer thickness increases, this level is 
covered up by the falling conduction-band edge and be¬ 
comes a resonance. The electron in the resonant level is 
autoionized and relaxes (e.g., by phonon emission) to the 
conduction-band edge where it is a shallow donor elec¬ 
tron, donated by the Si. (In the present theory, which 
neglects the long-ranged Coulomb potential of the donor, 
the binding energy of a sh.illo'.v donor is zero; in a.more 
complete theory, the Coulomb-potential would trap this 
electron at zero temperature in a hydrogenic orbit.) A 
gratifying feature of the band-gap calculation is that we 
obtain for N\=N l = 1 a fundamental gap of 2.11 eV for a 
GaAs/AlAs superlattice, in good agreement with the 
measured value of Ref. 35. 

B, Defect levels 

The substitutional defect energy levels for vp ’-bonded 
impurities can he evaluated using the techniques of Hjal- 
marson et al.,‘ n as described above for superlattices. 
When interpreting the predictions, one should remember 
that the absolute energy levels predicted by this theory 
have a theoretical uncertainty of a lew tenths of an eV. 
This is, of course, comparable with the uncertainties of 
the other sophisticated theories of deep levels that have 
been presented to date.' h Nevertheless, the theoretical 
uncertainty is a significant fraction of the band-gap ener¬ 
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FIG. 3. Predicted fundamental energy band gaps E w at 
k=0 (circles) and k = (2;r/a £ , )(t,t> 0) (triangles) of a 
(GaAs).\ | .AI,Ga|_,As),\, superlattice as functions of reduced 
GaAs layer thickness iV, or Al.Ga, _ , As layer thickness iV, for 
(a) x =0.3 and tb) .v =0.7. Note that the variation of the gap 
with decreasing .V, from, say, 8 to 4, is less than the variation 
associated with changing ,V, from 8 to 4. Note also that the 
k = 0 conduction-band extremum of the superlattice in (b) is de¬ 
rived from-(he X poin' of the AI„.-Ga 0-i As band structure for 
jV, < 4 and from the T point of the GaAs band structure for 
iV, > 4. 


gy, and so one must not use the.theory in a futile attempt 
to predict absolute energy levels with high precision. 
Rather, the theory should be employed to understand the 
chemical trends in the deep energy levels, to study quali¬ 
tative changes in level structures (such as a deep reso¬ 
nance descending into the fundamental band gap—the 
shallow-deep transition), or to suggest experiments for 
testing hypotheses about impurity states. One of the 
reasons that the Hjalmarson model* 0 has been so success¬ 
ful is that the tight-binding Hamiltonian*' has been con¬ 
structed with manifest chemical trends in its parameters, 
following ideas developed originally by Harrison.' Ear¬ 
lier theories sometimes obtained tight-binding parameters 
by performing least-squares tits to the band structures of 
the semiconductors being studied. Such tits, while having 
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giyeri; impressive band : structures, often;, jacked'the esseri 
tiaj. chemistry that determines deep levels, and,, as a re¬ 
sult, those theories have not been-as successful as the 
Hjalmarson theory. Indeed, because the- Hamiltonian 
employed in the Hjalmarson theory has manifest- chemi- 
cal trends-and also has (by construction) the correct band 
gaps, the Hjalmarson method is comparably accurate 
with far more cumbersome pseudopotential theories of 
deep levels.' ,6 " ,s 

1. Dependence on layer thickness 

Figure 4 displays the dependence on GaAs reduced 
layer thickness tV, of the deep Ga-site A , level of a Si im- 
purity-' 1 in the middle of a GaAs layer in a 
GaAs/Al 07 Ga 0 jAs su-.erlattice. As the size, A’,, of the 
GaAs layer shrinks, the deep levels remain relatively co/i- 
stant in energy with respect to the GaAs valence-band 
maximum, while the conduction-band edge of the super¬ 
lattice increases in energy—progressively uncovering the 
once-resonant deep level of Si and converting this shallow 
donor impurity into a deep trap."' 0 This shallow-deep 
transition as a function of GaAs well size A',, to our 
knowledge, has not been anticipated in the literature— 
and has consequences for GaAs/Al A Ga ( _ v As superlat¬ 
tice and quantum-well devices, because it implies that the 
most common dopant, Si, may become a deep electron 
trap rather than a shallow donor in GaAs. 

Also note (Fig. 4) that when Si in a GaAs quantum 
well becomes a deep impurity with its deep level in the 
fundamental gap of the superlattice, this level (with 
respect to the GaAs valence-band maximum) generally 
lies at a higher energy than tl)e bulk GaAs band gap, at 
lower energy than the Si deep level in an Al, v Ga,_ v As 
layer, and beiow the superlattice and bulk A!,Ga,.. v As 
alloy conduction-band edges. Because Si in an 
Al t Ga,_ r As layer lies at higher energy than Si in a 
GaAs layer, it is possible to move the conduction-band 
edge up by reducing the width of the GaAs layers and to 
achieve a situation such that Si in a GaAs layer is a deep 
level, but that Si in an Al v Ga,_ x As layer is a shallow 
donor with respect to the superlattice (but not with 
respect to bulk Al^Ga^As) because its deep level lies 
above the superlattice conduction-band edge, but below 
the bulk Al v Ga ( _ x As conduction-band edge. In the 
more common case for vers thin GaAs layers. Si in both 
GaAs and Al^Ga^As layers will produce deep levels 
below the superlattice conduction-band edg., that is, 
since the superlattice band edge lies below the 
Al v Ga,_ v As band edge, for Si to be deep in a thin GaAs 
layer requires Si to be a deep level in bulk Al x Ga|_,As 
as well. Because of this requirement, and the fact that Si 
successfully modulation-dopes GaAs/A!,Ga,_ ( As su- 
perlatiiees for x <0.3 (suggesting that Si is a shallow 
donor in. for example. Al,. ; Ga„ v As>, we doubt that the 
shallow-deep transition as a function of .V ( will be ob¬ 
servable in GaAs,/Al v Ga, ,As for x £0.2. For ,v ->0.3. 
however. Si in bulk Al.Gu, v As is almost certainly a 
deep level,* modulation doping with Si in 
GaAs/AI^Ga! , As superiattices should require thermal 
activation or tunneling (presumably because Si in an 


donor.!, and :the predicted shallow-deep transition for 'Si 
in a GaAs layer as,a function, of GaAs layer thickness 
should occur. 

Because of uncertainties in the'theory, we cannot-esti- 
mate witlb precision the layer thickness .V, at which the 
Si level in GaAs should undergo the shallow-deep transi- 
rion. Based on the genera! structure of the curves of Fig. 
4, it probably occurs for A - , - 6 and a GaAs layer thick¬ 
ness of order = 17 A or less. 

A similar analysis can be made of the behavior of other 


S! ( . o Oeep-shollow transition 
in N ( XIO GoAs/AI 07 Ga 0 jAs suoerlattice 



FIG, 4. Illustrating the deep-to-shallovv transition as a func¬ 
tion of GaAs layer thickness A’, in a GaAs/AI,Ga|_ l As 
A’iXIO superlattice (SL) with .v =0.7 for a Si impurity on a 
column-ill site in the center of a GaAs layer of the superlattice 
host. The conduction-band minimum (CBM) and valence-band 
maximum (VBM) are indicated by light solid lines. The Si deep 
level is denoted by a heavy line, which is solid when the level is 
in the gap but dashed when the level is resonant with the eon- 
duction band. The deep level in the -no gap for .V, <6 is 
covered up by the conduction band as a exult of changes in the 
host for A' | >6. The impurity's deep level lies >n the gap for 
A’| <6 and is occupied by the extra Si electron; the Si. in this 
case, is thus a "deep impurity." For A', >6 the deep level lies 
above the conduction-band edge ax a resonance. The daughter 
electron from the Si impurity which was dextined for this deep 
level is autoionized, spills out o! the deep resonance dev el, and 
falls to the conduction-band edge (light solid line' where it is 
subsequently bound tat low temperature' in a shallow level asso¬ 
ciated with the long-ranged Coulomb potential of the donor (in¬ 
dicated by the siiort-.iashed line). It is important to realize that 
both the deep level and the shallow levels coexist and are dis¬ 
tinct levels with qualitatively different wave functions. The is¬ 
sue of whether an impurity is "deep" or "shallow " is determined 
by whet I er or not a deep level associated with the impurity lies 
• the band gap. The computed deep-shallow transition occurs 
for \ - f> layers. While..* -piai.tative ph.si.s completely re¬ 
liable. it is possible that the tiaasmon lay. di.-kiKss may difui 
somewhat from .Y, = o m ual supctlaUucs. i in. predicted : in- 
0 internal band gap of the superlattice is indirect f, 1 < A , _ 8. 
All energies arc w.th respect .o the valcoc, band maximum of 
GaAs. 
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Al v Gai„^As layer is a deep impurity, riot a shadow 
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impurities, 16 for example, N in GaAs. Nitrogen has a 
resonant state in the conduction band of GaAs., We have 
predicted that this resonant state can be driven out of the 
conduction band into the band gap by hydrostatic pres¬ 
sure, 40 an effect that has been observed by Wolford 
et al. 41 and Zhao et al,*' Here we predict that N- in 
GaAs layers of a GaAs/A! 07 Ga 0 jAs superlattice will 
have an impurity state in the band gap if the thickness of 
the GaAs layers is thin enough, for example, <48 A or 
17 molecular layers. 

2. As vacancy levels 

Figure 5 displays the deep energy levels in the band 
gap of an As vacancy in an N\=N 2 = 10 
GaAs/Al 0 , 7 Ga 0 _jAs superlattice, as a function of /?, the z 
component of the position of tiiv vacancy in the su¬ 
perhelix or superslab. A vacancy is simulated here by let¬ 
ting the defect-potential elements V s and V p at the vacan¬ 
cy site approach infinity, making the defect into an 
“atom" with infinite orbital energies, and thereby decou¬ 
pling it from the host by virtue of the fact that all energy 
denominators ;n a perturbation expansion are infinite. 41 
Several features of the results in Fig. 5 are worth noting: 
The valence-band maximum of the superlattice splits, 
with the p.-like edge moving to lower energy, owing to its 
lighter effective mass. Near an interface (/3=0, 20, or 40) 
the p-like T 2 bulk As vacancy level splits into three lev¬ 


els,-a-|,--&(,.and-& 2 . For .any point defect, one of the b t or 
b 2 levels corresponds to a p-like level with its orbital 
composed of hybrids directed toward the GaAs layer and 
has an energy almost the same as the bulk GaAs 7\ tevel; 
the other is composed of hybrids directed toward the 
Al v Ga|_, t As and is virtually an Al v Ga,_ t As 7\ level. 
The £>, and b : levels reverse ordering from [3=0 to/J=20 
(because of the defined orientation of the x and y axes), 
and a, lies between them in most cases Mich that the 
splitting of the host v;:'enee-band edge can be neglected. 
The splittings between the b y and b 2 levels at the inter¬ 
face are small, of order 0.1 eV, and become negligible 
when the vacancy is more than three or so atomic layers 
from the interface (a fact noted first for deep levels near 
surfaces by Daw and Smith 44 ). The splitting between the 
a, level and the b y and b 2 levels is comparably small, but 
may not vanish even if the defect is distant from the in¬ 
terface, as a result of the splitting of the valence-band 
edge in the superlattice and the resulting changes of the 
host spectral density. 

The energy of a deep level is determined by a balance 
between the conduction-band states, which push the level 
down in enemy, and the valence-band states, which repel 
it upward. Since the GaAs valence-band maximum is al¬ 
most at the same energy as the valence-band maximum 
for the 10x 10 GuAs/Al 0 ,-Ga 0i yAs superlattice, the con¬ 
duction band has the primary influence on the change of 
the energies of the As-vacancy deep level from bulk 


As-vacancy Levels 

Bulk Bulk 



FIG. 5. Predated energy levels of an As vacancy in a lGaAs) l „/(AI.,.;Ga„..,Asl 1 „ superlattice, as a function of/?, the position of the 
vacancy ic.en values ,.f/> correspond to As sitesi. Note the splitting of the 7\ levels at and near the interfaces t/2.-0. 20. and 40), and 
that the iT : -den id vacancy kvels he at higher energy in an Al„ -Ga„ ,A.s layer than in a GaAs layer. The b, and b . ordering changes 
at successive mterlaies. The zero of energy is the valence-band maximum of bulk GaAs. and the corresponding valence band A'DM 
and londiMiou-band iCB.M, edges and deep levels in Dulh GaAs and bulk Al„ -Go,, ,As are given to the left and tight of the icntral 
figure, respectively. The top oi ..te central figure is the conduenon-band edge of the superlallice, and the bottom corresponds to the 
split valence band in the superluitue—the valence-band maximum of the superlattice being of 6, or b. symmetry p, -p, and the 
spht-olf u; p .i band maximum lying 0,062 «Y lower in energy. The .1, level in the AI.Gu, _,As layer of the superlattnc is lower 
than the corresponding level tn the GaAs Lyer because of the band offset of 0.334 eV. The electron hole' occupancies of the Jeep 
levels in bulk GaAs and bulk Al, -Gu., As are denoted by solid ctrc :s (open triangles). 
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GaAs;to a .GaAs layer in the superlattice, and the levels 
move up in energy because the conduction-band 
minimum does. In going from an Al 0 jpa^jAs layer in 
the superlattice-to bulk Al 0/! Ga 0 -As, the levels move 
down in energy, because the valence-band maximum, 
moves down. (The valence-band maximum is 7\-like.) 
The 7\ As vacancy Ie% els lie at somewhat higher energy 
in an Al v Ga|„ t As layer than in a GaAs layer, owing to 
the fact that Al is more electropositive than Ga. The A , 
bulk As-vacancy level in A! v Ga|__ v As is slightly shifted 
at the interface, and is at lower energy in an A! v Ga,_ t As 
layer than in a GaAs layer because the band offset causes 
the nearest A | states in the valence band to lie at lower 
energy that, in the superlattice. The 7\ level in GaAs 
(Al. v Ga| __ T As) is both split in the superlattice and, on the 
average, is shifted up (down) in energy at the interface. 
Because of the band offset, the A { level for the As vacan¬ 
cy in GaAs (A1 a G a ( _ >v As) moves down (up) at the inter¬ 
face. Still another effect does influence the relative order¬ 
ing of the a ,, b |, and b 2 levels: As the impurity ap¬ 
proaches the interface in GaAs (but not in Al iV Gaj_ A As) 
its wave function suffers quantum confinement and its en¬ 
ergy levels shift—and the shifts for b, and by levels are 
generally different from those for o, levels because the a, 
valence-band edge in the lOx 10 superlattice lies lower by 


0.062 eV than the b { and bye dges. The conduction-band 
minimum in the 10X 10 superlattice has s symmetry and 
does hot split. 

For the neutral vacancy, the t -derived deep level is 
filled bv two electrons, and one electron occupies the 
lowest of the 7\-derived states. 

Similar behavior to that found for the As-vacancy lev¬ 
els is to be expected for all syr'-bonded deep impurity lev¬ 
els in GaAs/Al A Ga._ x As superlattices, although the is¬ 
sue of whether a specific deep level lies in the fundamen¬ 
tal band gap or not depends on the defect potential for 
that impurity and on ;V,, A\, and x. 

3. Cation-vacancy levels 

The .•! | bulk levels for a Ga vacancy in GaAs and for a 
cation vacancy in Al A Ga t _, v As all lie very deep in the 
host valence bands and arc not near the fundamental 
band gap, either in the bulk or at an interface of a 
GaAs/Al iV Ga|_, v As superlattice. 

The 7Vderived cation-vacancy levels produce deep 
levels near the valence-band maxima of bulk GaAs, bull 
Al_,Ga t _ jV A, 4f ‘ Jh and the superlattice (see Fig. 6*. In the 
Hjalmarson-type theory, the uncertainty in the predic¬ 
tions of absolute energies is typically a few tenths of an 
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FIG. 6. Predicted /-"derived vacancy levels of a catior. vacancy in a tGa.As..,., (At,. -Ga, Asi,,. .superluitiee, as a function ot site 
index [3, the position of the vacancy The zero of energ; is the valune-band edge of bulk GaAs. and the -orresp.utding val-n-e and 
conduction-band edges and deep levels in bulk GaAs and bulk Al. -Gu„ .,.As are given to til*. lelt and right ot the centra! figure, rc 
speetivelv. The top of the central figure is the conduction-bund edge of the superlattice. «nd the .v .* bottom lir.es -orre'pond to the 
b • and {^-symmetric [./>, a/> <-hke] valence-band muvinta and the spin a, -like edge below is Ki— irons ,..t.r>. ;g th. hulk lev¬ 
els are denoted by solid circles. Holes are denoted by up* n triangles. When, .is n, bulk GaAs. the holes are- .mi. in levels faivu 
me- lutencc-band maximum, they bubble up to the valence-band maMinuil! where the long-raugcd C.'iilo.nb pote-n...,. -an trap '.hem 
into shallow aeceptor levels tnot shown*. The* ealu-.i v.tc.nicv in hulk GaAs and in an Al G., As layer in the supcilatUee is,:-diet¬ 
ed to be a triple shallow acceptor, providing three such holes to the valenee band. In bulk A! -Ga .As ana u. a Ga Vs lay-- a! the 
superlattice. neutral cation va-au.ies are predicted to proeiuec deep traps for cither ete-irons .tr holes. Ii. the supeilattiee’. the 
lowes:*e«erg\ level is often of u. semnietrv. and the highest is typically e-ilher ol b , ot h symnietiv. but -Xe -pilous ta this rule do 
occur, as indicated on the figure. 
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eV and tends to be somewhat larger for the 7\ levels than 
for th' •( 1 levels. Therefore, in what follows, the reader 
should not interpret our predictions for the cation vacan¬ 
cy too ii'orally or too quantitatively. Rather, the predic¬ 
tions illustrate the very interesting properties of a cation- 
site deep 7\ level that lies near but below the valence- 
band maximum of GaAs. Since this defect never lies at 
the interface (which, by definition in a 
GaAs/Al x Ga,_ A As superlattice, is at an As layer), its 
level splittings are smaller ( <0.05 eV) than the interfacial 
anion vacancy's splittings. In bulk GaAs, the 7'- cation- 
vacancy level is predicted 20,46 to lie ^0.03 eV below the 
valence-band maximum. In bulk Al^Ga^As, the pre¬ 
dicted vacancy level is in the gap, 0.11 eV above the 
Al,v;Ga 0 ; As valence-band maximum. ! Near a 
GaAs/AI<Ga 1 __ x As interface, the 7; cation-vacancy lev¬ 
el splits into a|, b\, and sublevels. For ,v 2:0.7 some 
or all of these sublevels may lie in the gap of the superlat¬ 
tice. 

If the predictions are taken literally, then near the in¬ 
terface the cation vacancy produces a very interesting 
level structure, depending on the site of the vacancy. To 
begin with, in a GaAs layer the b { and b, vacancy levels 
lie in the gap of the superlattice, but in an AlojGa^jAs 
layer the vacancy levels are resonant with the valence 
band. This is due mainly to the band offset and the fact 


that, roughly speaking, the deep levels do not move 
(much), whereas the valence-band edges do, as one goes 
from bulk GaAs to the superlattice to bulk Al 0 T Ga„^As. 
The I). and b, levels in a GaAs layer lie typically =-.0.03 
eV above the level, when we might have expected the 
a, level to lie between them. This expectation is not met 
because the 7\ levels are near the valence-band max¬ 
imum and, in the superlattice, the 7\-like valence-band 
maximum is split into a, and b ) and b, edges. Hence 
the U| valence-band edge has a stronger quantum-well- 
confinement effect: the band edge for a { (p.-like) states 
lies 0.062 eV below.the edge for 6, and by states. The a, 
defect states lie lower because the valence-band states 
that repel them are at lower energy in the superiattice. 
The largest splitting between b { and b j states is of order 
s:0,02 eV, much smaller than the (2:0. l-0.2)-eV split¬ 
tings deduced from the anion vacancy—because the cat¬ 
ion vacancy always lies at least one layer from an inter¬ 
face. In particular, the p.-like a, level decreases in ener¬ 
gy as the vacancy moves from the center of the GaAs lay¬ 
er toward the interface. The initial decrease is due to 
quantum-well confinement, and begins when the vacancy 
wave function significantly overlaps the Al 0 ,jGa 0J As. 
However, as the vacancy becomes quite close to the inter¬ 
face, its wave function penetrates thoroughly into the 
Alo, 7 Ga 0i }As layer and feels the electropositivity of the 


A-derived a, deep levels In 
10x10 GaAs/AI 0 7 Ga 0 3 A$ superiattice 



FIG. 7. Predicted energies at .1 ,-derteed Mike a, deep levels of the indicated delects ' Ref. 4"’ for a GaAs/Al„ ; Ga„ ,As superiat¬ 
tice with .Y, = 10 GaAs lasers and .Y.- 1:J Al 0 -Go,, As lasers in its unit supercell. The dashed lines denote the predictions for de¬ 
fects at or near a GaAs/Al., -Go., ..As interface, in the/i = 0 laser for the interface, levels for As-site defects (upper left-hand corner/, 
and. in the P— 1 and ,3 = 21 layers adjacent to interface Livers, for Ga-site defects in GaAs and cation-site defects in A!„ -Go,, .As. re- 
vpectivdv lower r ght-hand corner . The solid lines denote the same levels foi defects at or near the center of GaAs and Al„ -Go., .As 
layer-. respective!.: In viewing iat. figure, .cr.ieinbcr that the theory is not prec.se, bat that the general shape of the figure is reliable. 
The /ero of energy ,v tit. valence-hand ina.vimutn K i ~*>ulk &<.!>. The vaLuee and c.induction-band edges of the superiattice are 
denoted VBM‘S!.'u-:d.C»M'SL'. respectively. 
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Al. If the valence-band offset were smaller, say 0.2 eV, 
then this effect would cause the level to increase in energy 
near the interface. 

The neutral Ga vacancy in the bulk of GaAs (assuming 
its deep'level lies in the valence band! is a triple acceptor 
(Fig. 6). (A Ga vacancy is created by adding three 
holes—to remove the three Ga electrons—and letting 
the defect potential become infinite. 4 ') Gonsider this va¬ 
cancy at the near-imerfacial site /?= 1 in a GaAs layer of 
the superlattice; its levels, in order of decreasing energy, 
are b : , b u and 0 j. In all of the cases of Fig. 6, the cation 
vacancy is either a triple shallow acceptor or a deep trap 
for both an electron and a hole, having at least one par¬ 
tially filled deep level in the gap. If it were the case that a 
cation vacancy near an interface had only one of its sub- 
levels in the gap ;.ad two sublevels resonant with the 
valence band of the superlattice, then the vacancy’would 
be a single acceptor, because only three electrons are 
available for four spin orbitals: the hole in the fourth 
spin orbital would "bubble up" to the valence-band max¬ 
imum. Relatively small amounts of lattice relaxation or 
charge-state splittings of the defect levels could alter the 


predictions. Nevertheless, we think that studies of the 
character of the Ga-vacancy wave function in 
GaAs/Al^Ga^As superlattices are warranted'—and. 
could possibly reveal this shallow-deep transition in the 
character of the cation vacancy. 

4. Deep levels of sp 3 -bonded impurities 

The predicted deep energy levels of substitutional sp 
bonded impurities in a GaAs/Alo-Ga OA As superlattice 
are given in Figs. 7 and S for a superlattice with 
•V| =A", = 10. - ' 1,4 ' These levels' energies E are obtained 
by solving the secular equation (17) with Hjalmarson's 
defect potential V slightly modified.'' 1 In these figures we 
display results for impurities at or near a 
GaAs/Alo i7 Ga 0 j,As interface and near the center of the 
GaAs and A! 0>7 Ga 0 ,;As layers. 

For the A t - or s-like o, levels on the As site (Fig. 7), 
most interfacial impurities have energy levels roughly 
midway between the levels f'- impurities near the center 
of the GaAs and the Al v Ga,_ >v As layers. There are two 
types of cation sites: Ga (in GaAs) and Al iV Ga|_ iV (in 


T 2 -derived o |t b |y and b 2 deep levels in 
10x10 GaAs/Al 0 7 Ga Q 3 As superlattice 



FIG. 8. The predicted 7\-derived deep levels for the indicated defects (Ref. 47) in a (GaAs)|,/Al, -Ga v ,iAs\., superlattice. For 
As-sue defects tlower right-hand corneri the two solid lines correspond to 7 ; -derived b t levels 'which a^e almost degenerate with b : 
levels! in the center of GaAs and Al„ -Ga,. -.As layers. The corresponding 7" ; -derived c, levels lie slightly >of order 0.01 eV» below the 
b i and b : levels and are not shown. The dashed line is an mterfacia! /?= 0 a, level. The co.responding b_ level w. shown' is nearly 
degenerate with it, and the ft- level mo: si ovvm is above it of order 0.0) eV. For cation-site defects fuppei left-ham c.'r**-*r' the solid 
lines correspond to 7 ,-derived n, levels which are almost degenerate with ft. and a, 1. els not shown' The dashed lines correspond 
to mterfacial levels for site /3=19 <in GaAs< of b ; symmetry and for site />'=21 of ft, symmetry. The (3= 19 a, and \ levels .:%■ al¬ 
most degenerate with the T : levels of defects in the center of GaAs and a-c not shown. Similarly, the 13= 21 'Al, -G-, As> a and ft. 
tvvhich are polarized perpendicular to the interface! interfaual levels arc not shown. Near the [3=0 interface, the />. and ft. levels are 
interchanged. Simply stated, the levels i>- or 6 ; are split off from the bulk T : energy 'in the material occup.cd by the defect* and the 
remaining two levels 'almost' are al the 7 - bulk energy. The zero of energy is the valence-band maximum of hi Ik GaAs. The 
v alence- and conduction-band edges of the superlattice are denoted VBNltSL and CBMlSL'. respectively 
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•Al^Gaj x As); the cation-site defects near the 
GaAs/Al x Ga : _ x As interface have nearly the same deep 
levels as def-.ts at the center of the layers—because 
those defects ire at least one layer distant from the inter¬ 
face (which coincides with an As layer), and hence are 
only weakly perturbed by the atoms on the other side of 
the interface. 

The 7Vderived levels in the GaAs layer (Fig. 8) are 
split when they lie near or at the interface. These are 
dangling-bond-p-like levels,- and the p orbitals composed 
of hybrids oriented most toward the interface are split 
most [6 ( or (/?*+p,.)*like and or p .-like on the Ga site; 
iij or {p x -/> v )*like and a { at the As site], whereas the or¬ 
bital directed away from the interface is least' perturbed 
and normally has a level closest to that of the bulk 7\ 
level. The same physics hold for defects in the 
Al. x Ga,_ x As layer (Fig. 8), but the signs of the splittings 
and the orderings of 6,, a ( , and b, levels are normally re¬ 
versed. 

In general, three factors influence the relative positions 
of deep lev,:1s in GaAs and Al. x Ga,_ x As layers, (i) The 
more electtopositive character of A1 with respect to Ga 
pushes levels up in energy, so. that the same defect has a 
tendency to exhibit higher-energy deep levels in 
Al, x Ga|_ A .As than in GaAs. (See the T 2 -derived As- 
vacancy levels in Fig. 5.) (ii) However, the A1 also widens 
the band gap, causing a band oil'set, and rearranging the 
spectral distribution of host states somewhat idifferentlv 
for tlie 6, and b 2 states than for the o, stales)—which 
often has the opposite effect on those impurity levels 
most affected by the host states near tl.e valence-band 
maximum. (See the 4, -derived As-vacancy levels in Fig- 
5.) liii) In addition to the electropositivity and band- 
gap-widening effects, there is a quantum-well- 
confinement efTect. Impurities in GaAs close enough to 
an Al x Ga ( _ x As layer that their wave functions overlap 
the Al x Ga t _. v As barrier will experience level shifts due 
to confinement (that depend on the symmetry of the lev¬ 
el). States near and above the conduction-band minimum 
with considerable conduction-band character are expect¬ 
ed to move up in energy and valence-band states should 
move down due to confinement (see Fig. 6). The 
confinement effects should be more severe for a, states 
than for 6, or b 2 states, due to the fact that their wave 
functions are polarized in the superlattice growth direc¬ 
tion. 

5. Dependence on alloy composition 

In Fig. 9 we show our predictions for the 
symmetric deep level of cation-site Si (Ref. 31 1 in bulk 
Al x Ga 1 _ x As as a function of x, which are similar to 
those first obtained by Hjaltnarson. 4 *' 

Figure 10, in comparison with Fig. 9, illustrates that a 
Si impurity in a GaAs/Al x Ga,_ x As superlattice 
with :Y, =.V 2 ma. />•>: produce a deep level in the super- 
lattice band gap, although the same impurity in the 
alloy obtained by disordering the superlattice. 
Al.j C/; ,Ga l _ u/ 2 ;As. does produce a Jeep level in die gap 
of the alloy. To see this, consider .x <0.5, for which the 
Si theoretical leve 1 does not lie in the gap of tne 2 - 2 



FIG, 9. Chemical (reads with alloy composition x in the en¬ 
ergies (in eV) of principal conduction-band edges f\ L, and ,Y, 
and the valence-hand maximum of the alloy with respect to the 
valence-band maximum of GaAs, in the alloy Al x Ga|_.,As, as 
deduced from the Vogl model (Ref. 251. Also shown is the pre¬ 
dicted energy of the A >-symmetric cation-site deep level of Si 
(heavy line), similar to the predictions of Hjulmurson (Refs. 31 
and 48). The Vogl moJel is known to obtain very little band 
bending. Moreover, the L minimum for X a0.45 is known to be 
at a bit too low an energy in this model. When the deep level of 
neutral Si lies below the conduction-band minimum, it is occu¬ 
pied by one electron Isolid circle) and one hole lopen triangle). 
When this level is resonant with the conduction band, the elec¬ 
tron spills out and falls (wavy line) to the conduction-band 
minimum, where it is trapped lat zero temperuturei in a shallow- 
donor level (not shown). 

GaAs/Al. x Ga,_ x As superlattice. For .v =0.25 the Si lev¬ 
el is in the gap of the alloy, however. 

This situation is much more common in larger-period 
superlattices. ,J where the band edge of the superlattice is 
almost the band gap of the small-band-gap material 
(GaAs) (see Fig. 1). To a good approximation, if an im- 



FIG. 10. Chemical trends with alloy composition .v in the en¬ 
ergies on eVi of principal conduction- and valence-band extre¬ 
ma of a <GaAsi>/iAI,G.ij , As>, superlattice, with respect to 
the valence-band max.mum of GaAs. Compare with Fig. 9 for 
the alloy. The superlattice wave vectors of the minima are 
k=0. k = 2~. a L '* t. .,0 . which has states derived front the L 
point of the hulk Brilloum zone, and the points Jen - ed from the 
bulk X point. 2r. a t (0.0. .V -.V ’). which is p.-like. and 

2t'«, Ht.O.tK which is o - undo -like. 
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purity 20 (i) produces a deep level in the gap when the im¬ 
purity lies in the large-band-gap bulk material 
(Al v Ga,_ x As), and (ii) has its corresponding deep level 
resonant with the host bands when the impurity occupies 
a site in the small-band-gap bulk material (GaAs), then 
the impurity’s deep level will no: lie in the gap of the 
large-period superlattice for the case that the impurity 
occupies a site in a smail-band-gap (GaAs) layer. Thus in 
an 18X18 Ga.-\s/Al 0 ,-Ga 0 _,As superlattice (Fig. 1), Si on 
a Ga site in a GaAs layer has its .-1,-symmetric deep level 
in the conduction band of the superlattice, and so is a 
shallow donor. However, in the corresponding alloy with 
a =0.35 (Fig. 9) the cation-site Si level lies within the 
fundamental band gap and is a deep trap. Similar phys.cs 
holds for other defects. This ph\sics might be the origin 
of the improved transport characteristics of GaAs/AlAs 
superlattices over Al 0i} Gao}As alloys, as observed by 
Fujiwara ct al. *•' 

6. Fluctuations 

For some time it has been known that fluctuations in 
alloy composition a of Al A Ga,_ v As can cause normally 
shallow donors such as Si (for .v <0.3) to produce deep 
levels in regions where the Al mole fraction is consider¬ 
ably larger than the average value x. Here we have 
shown that in thin quantum wells of GaAs in 
GaAs/AljGai.^As superlattices for a- >0.3 the Si can 
produce deep levels as well. Thus fluctuations in layer 
thickness can produce previously unanticipated deep 
traps. Since deep-level wave functions have large ampli¬ 
tudes only within a radius of ss 5 A of the impurity, a 
fluctuation in GaAs layer thickness (in the z direction) 
down to, say, 20 A, occurring within a small circle o' ra¬ 
dius 5 A in the x-y plane, would lead to Si deep levels in 
that region. Hence, special care may be necessary during 
superlattice growth to pi event nor.uniformities in layer 
thickness, which could le,.J to such deep-level formation. 

7. Relationship between cation-site Si 
and the DX center 

For some time the technologically important native de¬ 
fect DX in A! A Ga|_, As has been the subject of discus¬ 
sion, with Lang' first proposing that it is a donor-vacancy 
complex, and Hjalmarson 4 :o4g setting forth the model 
of a Si impuriiy on a cation site. Clearly, the Si center 
discussed here has the energy levels and dependencies on 


alloy composition a required of a DX center. Our 
opinion is that the DX center is normally either a Si im¬ 
purity, a complex containing a Si impurity (perhaps Si-Si 
pairs in some cases), or, in some instances, other impuri¬ 
ties such as S'i that are similar to Si. The complexes 
should have spectra very close to the spectra of their con¬ 
stituents. 50 The persistent photoconductivity associated 
with the DX center appears to be best explained by the 
Hjalmarson-Drumniond phonon-coupling model. 4 How- 
ever, we note that Li ct a/. 51 dispute the Hjalmarson- 
Drummond conclusion and there remain unanswered 
questions concerning the DX center. We hope that the 
present work, which shows how the deep levels associat¬ 
edwith Si should behave in the superlattice, may help in 
solving the mysteries surrounding this interesting defect. 

IV. SUMMARY 

The calculations presented here call into question the 
common assumption that the character of an impurity in 
a superlattice will always be the same as in tic bulk. We 
have presented calculations which indicate that the nor¬ 
mal shallow dopant Si in GaAs may become a deep trap 
in a GaAs quantum well of a GaAs/Al v Ga,_ tV As super¬ 
lattice. This prediction should be test,J for a >0.7 su¬ 
perlattices, where it is likely to be most reliable . }: 

We have elucidated the physics of deep levers in super- 
lattices. and find splittings of 7\ bulk levels and shifts of 
.-I, levels of order 0.1 -0.2 eV for defects at the interface 
and less for impurities within two or three atoii ic planes 
of an interface. For impurities more distant from an in¬ 
terface the effect of the superlattice is primarily to change 
the window of observability i.* the deep lev el; If one imag¬ 
ines the deep levels as being relatively fixed in energy, the 
role of the superlattice is to provide the band gap; super¬ 
lattices with small GaAs quantum wells ii.ve sufficiently 
large band gaps that deep levels which are covered up by 
the bands in bulk GaAs are uncovered and observable in 
the superlattice. 
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Theoretical densities of phonon states in random Al y Gaj_ x As alleys are 
presented and compared with published Raman scattering data. The 
calculations employ the recursion method and a Borr.-von Karaan rigid-ion 
model of the lattice dynamics; they permit the assignment of major 
spectral features either to parent modes In GaAs and AlAs or to 
vibrations of specific alloy clusters. The phonon spectral densl.lcs of 
states are shown to be nearly "persistent" — a linear superposition of 
GaAs and AlAs spectral densities. Deviations from the persistence Unit 
are attributed to "alloy modes." Many assignments of lines In Raman 
spectra are confirmed, but some lines are reinterpreted. 


1. Introduction 

In this paper we report calculations of the 
densities of phonon states- for Al x Gaj_ x As 
substitutional alloys, and compare our results 
with Raman scattering data of Tsu, Kawamura, and 
Esaki (1], Kim and Spltzer (21, Salnt-Cricq et 
al. (11, and Jusserand and Saprlel (41. We show 
that the densities of states of these allovs 
are, more or less, "persistent" tn the sene of 
■Inodera and Toyozawa [51: except In Three 
spectral regions, the densities of states of the 
alloys Ai x Gaj_ x As are linsar superpositions of 
the densities of states of GaAs and AlAs: 

D(fi;At Ga,„As)-(l-x)D(n;GaAs)-«xD(fl;AtAs). 

( 1 ) 
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The deviations from the above are attributed to 
"alloy modes”, namely characteristic vibrations 
of small clusters In alloys not present in 
either GaAs or AlAs. The main features of the 
Raman data are all accounted for, Including 
disorder-activated Raman nodes which arise from 
either persistent modes or alloy modes in the 
densities of states that are Raman-forbidden In 
perfect zlncblende compounds. 

We employ the recursion method (6-9) In o-. 
calculations, treat the ions as rigid. Include 
first- and second-nearest-neighbor force 
constants, and neglect long-ranged Coulomb 
forces. To our knowledge, these are the first 
calculations of this type for III-V 
semlconductlve allovs. Coherent potential 
approximation (CPA) calculations '101 have been 
reported previously. However, the CPA, 'n its 
usual form, breaks down whenever, the local modes 
,of clusters of minority atoms become important 
— l.e., on rhe order of x 2 or (l-x) 2 and 
higher. Recause of the persistent nature of the 
densities of states, Ee. (1), the CPA, or almost 
any alloy theorv, will successfully predict the 
main features of the alloy spectra; hut the 
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wavenumber X*' (cm") 



Fig. 1. Displayed from cop to bottom are 
phonon dispersion curves for GaAs, densities of 
phonon states for GaAs, density of phonon states 
for A *o.s < ’ao.5 A ' ! > densities of phonon states for 
AZAs, and phonon dispersion curves for AZAs, 
respectively. The phonon dispersion curves for 
GaAs (solid lines) were obtained using the 
force-constant parameters of Ref, (Hi, and are 
compared with the neutron scattering data of 
Ref. il81 (dotted lines). The phonon dispersion 
curves for AZAs (solid lines) were obtained In 
the present<model, and are compared with, the 
Infrared reflection data and the Raman 
scattering data of Ref. 113] at the T point 
(circles'), and the optical absorption data of 
Ref. [14] at the X point (circles). (It was 
pointed out by barker er al. ill! chat the 
assignments for TO:X and L0:X, given in 


Ref. 114], should be reversed.-'Here we use the 
assignment of Barker et al.) The phonon 
densities of states for GaAs and AZAs were 
obtained by the recursion method (solid lines) 
and are compared with the densities of states 
obtained by the Lehmann-Taut method (dashed 
lines). The density of states for AZq rGa^ ^As 
was obtained by the Lehmann-Taut method using 
the virtual-crystal approximation for the 
force-constant parameters and the cation-site 
mass in this alloy. Phonons at specific 
wavevectors in the Brlllouin zone, such as the 
optic mode at T, 0:F, have those wavevectors 
indicated after a colon. The main symmetry 
points are r*(0,0,0), L»(2x/a L )(1/2,1/2,1/2), 
X-(2s/a L )(1,0,0), U-(2n/a L )(l,l/4,l/4), and 
K*(2n/a.)(3/4,3/4,0). 
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deviations from the persist -;n.-e limit — which 
are' the non-trlvinl allr-v . _:s — -ire not 

reliably predicted by tnv "'"A and mo sc other 
alloy theories, tn contract, the recursion 
method is capable of Including all orders of x, 
and predicts accurate alloy spectra provided 
that the proper ensemble averages over the 
various local environments are evaluated. 


2. Outline of- the calculation. 

The first step of our method is to obtain 
force constants by fitting the phonon dispersion 
relations of CaAs and AlAs with a first- and 
second-neighbor rigid-ion Born - von Karnan 
force constant model. For GaAs ? the force 
constants of Banerjee and Varsnni [11] were 
found to be ixcellent (here we set their 
long-ranged force constant "x" to zero); for 
AZAs the elastic constant data for c^ (12] and 
the following measured squared ohonon 
frequencies were used to determine the six 
Independent force constants of the model: 
[fl 2 aO:r)+28 2 (TO:r)]/3, 3 2 (T0:X); fl 2 (LO:X); 
Q 2 (LA:X); and $l 2 (TA:X) [13-15]. (Here we denote 
optic and acoustic modes by 0 and A, 
longitudinal and transverse modes by L and T, 
and the wavevector $ using standard symbols 
(16]. Hence LA:X refers to the longitudinal 
acoustic mode at the X-polnt of the Brlllouin 
zone.) The force constants v, u, and X for 
anions and cations in AlAs, in the notation of 
Banerjee and Varshnl (11], were assumed to be 
related according to a central-force model (17]: 
v«p-X. The resulting phonon dispersion curves 
are compared with data [13—15,18] in Fig. 1 (top 
and bottom), and the force-constant parameters 
obtained in the present model are tabulated in 
Table I, 

Ho long-ranged forces are included in the fit 
to the phonon dispersion re.ations; hence the 
observed splitting at the T point of the 
Brlllouin zone between the longitudinal optic 
(LO) and transverse' opcic (TO) modes cannot be 
reproduced by the model. However, this splitting 
is small, -IB era”* in GaAs and -38 era"* in AtAs, 
In comparison with optical mode energies of 
-7.70 cm”* and -390 cm”*, respectively. While 
explicitly ignoring the long-ranged Coulomb 
forces, we note chat a model with first- and 
second-nearest-neighbor force constants can at 
least adequately represent some of the effects 
of the 1> ranged Coulomb forces at the 
zone-bou..,»» y points (which dominate the 
densicy-of-staces spectra). Moreover, the 
qualitative differences in the phonon dispersion 
relations due to the long-ranged Coulomb forces 
are major only In the long-wavelength limit 
(near the T point in a Brlllouin zone); the 
direct effect on the global features of the 
densities of phonon states is rather small (19], 
Caution should he taken," however, when 
vibrational properties tn the long-wavelength 
limit are of concern, such as in Raman 
spectroscopy or infrared reflection 
spectroscopy. 


To obtain densities of states we employ 
1000-atom cluster* and execuce the recursion 
method to 91 levels of continued fractious; such 
parameters were fo:nd to be necessary to obtain- 
good representations of the phonon densities of 
states of CaAs and AZAs. Details of the 
calculations can be found in Ref. (20]. In 
Fig. I, we dlsplav the resulting phonon 
densities of states for CaAs and AlAs obtained 
hy the recursion method (solid line) compared 
with those obtained by the I.ehmann-Taut method 
(211 (dashed line). In the densities of states 
obtained by the recursion method, we note that 
the sharp van Hove singularities (22] are 
blurred. This Is characteristic of the recursion 
method, which has a slow convergence to spectral 
singularities, as they are explicitly due to the 
infinite periodicity of the crystal lattice. 

3. Results 

In Fig. I, we also display the density of 
states for the alloy At Q 5 Ca 0>5 As, calculated 
using the virtual-crystal approximation in which, 
the force constants and the cation-site masses 
are linearly interpolated between those of CaAs 
and AlAs. This spectrum exhibits only one 
"amalgamated" [5] optic band and thus the 
well-known "two-mode behavior" (13,231 of this 
alloy is not reproduced by the virtual crystal 
approximation. 

In the recursion-method theory presented here, 
the force-constant parameters for an allov of 
composition x are determined using those of the 
parent comoounds (Tahle I). For Ai x 0aj_ x As, the 
flrst-nearest-neighbor force constants, a, of 
pure CaAs and of pure AlAs are used for Ga-As 
pairs and Al-As pairs in the alloy, namely, 

a(AZ x Gaj_ x As;Ca-As) - a(GaAs) 

a(At Ga,_„As;Al-As) - o(AtAs) . 

( 2 ) 

We use the same relation for B(AZ x Gai_ x As;Ga-As) 
and 8(At x Gaj_ x As;Ai-As). The second-nearest- 
neighbor force constants, X, for four possible 
pairs of atoms In the alloy are determined by: 


X(Al x Gaj_ x As;Ga-Ga)"X c (GaAs) 
X(Al x Gaj_ x As;As-As)-(l-x)X a (GaAs)+xX a (AtAs) 
X(At x Ga 1 _ x As;At-U)-X c (AlAs) 


X(At x Ga 


i_ x As;Ga~Al)"( l-x).' .(GaAs)-*-xX c (A!As), 

O) 


and we use the same relation for the other 
second-nearest-neighbor force constants u and v 
for these four possible pairs of atoms. The 
distribution of atomic masses at various 
zlncblende lattice sites is determined for 
At x Gaj_ x As as follows: (i) all anlon-site atoms 
are As atoms; (il) at a specific cation-site, 
the mass is that of A1 with probability x or the 
mass of Ga with probability l-x (as determined 
by a random number generator). 
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TABLE X. Force-constant parameters (In units of 
10 3 dyne/cm) and masses (In units of Ifl -2i g). 

Here the labels a and c refer to the anion and the 
cation, respectively. 



GaAs 

AlAs 

a 

-39.525® 

-41.546 

8 

-34.000 3 

-37.760 

*a 

4.500 3 

1.772 

*c 

4.500® 

-4.246 

"a 

-3.497® 

-2.217 

«c 

-4.467 a 

-0.693 

v a 

-3.697® 

-3.989 

v c 

-4.467® 

3.553 

M a 

124.4102 

124.4102 

M c 

115.7722 

44.8044 


(a) Parameters for GaAs obtained from Ref. (11). 


The recursion method has been described 
elsewhere 16-91, and Is well-suited for. 
calculating the local density of state's at a 
specific site In a disordered system: d(R;fl). 
Since d(R;0) depends sensitively on the local 
atomic environment, In order to obtain the total 
density of states, which Is Insensitive to 
specific locai order, we sum over an ensemble of 
local densities of states as follows: (1) at the 
center of the 1000-atom cluster, a specific 
five-atom nln.lcluster Is generated, e.g., a 
central As atom surrounded by one Ga and three 
At atoms; (11) the probability p(x) of this 
cluster occurring. In an alloy with composition x 
Is determined (see Appendix); (111) the 
remaining 995 atoms of the cluster are added, 
with As atoms on anion sites and either Ga (with 
probability 1-x) or A! (with probability x) 
atoms on cation sites; and (Iv) the local 
density of states at the central site of the 
mlnicluster, embedded In its alloy environment 
of 995 atoms, Is computed. The process Is 
reoeated for all possible mlnlclusters, each 
embedded In the 995 atom cluster. The anlon-slte 
density of states Is then given by 

D anlon<«> ' h • 


where the sum Is over all possible mlnlclusters, 
and d t and- are the local density of states 
and the probability of occurrence of the l 1 * 1 
mlnicluster respectively. The cation-site 
density of states is determined trom the local 
densities of states of a Ga atom and an At atom, 
each of which is surrounded by four As atoms, 
and it can be written as 

n catlon^ 3 * (l~x) dQ a (ft:f!) + x d^£($;H) , 


,The total density of states Is the sum of the 
anlon-slte and cation-site local densities of 
states. 

The calculated total densities of phonon 
states for Al x Ga,_ x As, for various compositions 
x, are shown in Fig. 2. To a good approximation 
these spectra are "persistent", namely they 
appear to be linear superpositions of GaAs and 
AlAs spectra (See the dashed line of Fig. 2), as 
determined by Eq. (1). In three spectral 
regions, there arc significant deviations from 
this "persistent" behavior: (1) near 75 cm - *, in 
the acoustic band, (11) near 250 cm , in the 
GaAs-llke optic band, and (111) near 370 cm - *, 
in the AlAs-like optic band. These are all 
"alloy modes". By examining the local densities 
of states at various sites -for different alloy 
configurations, we are able to associate each of 
these features with vibrations of specific small 
clusters. We discuss this In the following. 

In the midrange of alloy compositions, x=*0.5, 
the transverse and longitudinal acoustic modes, 
are primarily associated with the vibrations of 
As atoms that are surrounded by Ga and A l atoms 
at the nearest-neighbor sites. The deviation 
from the persistence spectrum at ~75 cm -1 Is due 
to fluctuations In the alloy composition: It 
comes from the contributions of clusters 
containing Ga and At atoms which are present In 
a ratio different from 50T each. 

The persistence spectrum (dashed line of Fig. 
2) near 270 cm -1 Is composed mainly of the 
following two types of vibrational modes: (1) 
vibrations of a central Ga atom that has Ga 
atoms for its twelve second nearest neighbors, 
and (ii) vibrations of a centra* As atom that 
h3S Ga atoms for its four first nearest 
neighbors. The deviation from the persistence 
spectrum around this frequency region, namely 
the shoulder at —250 cm - *, is thus attributed to 
the following alloy modes: (1) vibrations of a 
central Ga atom with Al atoms replacing ,a at<v s 
at the second-nearest-neighbor "'tes, and (11) 
vibrations a central As atom ••• :h At atoms 
replacing Ga atoms at the first-nearest-neighbor 
sites. 

The persistence spectrum (dashed line of Fig. 
2) at —345 cm - * and ~3®0 cm - * is due to 
vibrations of a central At atom that has At 
atoms at the second-nearest-neighbor tees. The 
deviations from the persistence limit are 
attributed to the alloy modes, which are 
vibratlo" s of a central At atom with Ga atoms 
replacing Al atoms at the jecond-nearest- 
neighbor sites. 
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WAVE NUMBER X' 1 (cm' 1 ) 



ENERGY Tift (meV) 


Fig. 2. Densities of phonon states 0(!l) for 
Alj_ x Ga„As alloys obtained by the recursion 
method (solid lines) along with density of 
states obtained using the persistence 
approximation, Eq. (1), for x « 0,5 (dashed 
line). The assignments given to "omtnent peaks 
represent clusters or atoms that are responsible 
for the vibrations giving rise to the peaks. For 
example, As denotes clusters with a central As 
atom; (As,Al) denotes clusters of a central As 
atom with At nearest-nelghbors; and (Ga,Ai) 
denotes clusters of a central Ga atom with At 
second-neacest neighbors (or nearest cation 
neighbors). 


The clusters responsible for the Impurity 
modes at alloy composition x « 0.l (GaAs:At 
local mode) and x » O.b (AtAs:Ga gap mode) are 
as follows: (l) the sharp peak near 370 cm -1 of 


At^ ^Gaf) qAs Is due to Isolated At atoms 
surrounded bv a mostly-OaAs environment, and 
(11) the peak near 260 cm -1 of Atf) qGa n |As Is 
due to vibrations of Isolated Ga atoms 
surrounded by a mostly-AlAs environment., and due 
to the vibrations of As atoms bonded with these 
Isolated Ga atoms. 

The fact that the allov spectra are persistent 
(and definitely not vlrtual-crystal-llke or 
amalgamated — see Fig. IV, especially for optic 
modes,, means that the 'principal spectral 
features, can be roughly labeled by the Quantum 
numbers of the parent compounds GaAs and AlAs — 
despite t'he fact that the wave-vector Z and 
other syr«"try- labels for' the quantum numbers 
are not scf.ntly valid for the allov. Therefore, 
any reasonable alloy theory, which Is based on 
experimentally knnyn pptl’c, freauehcles of the 
parent compound semiconductors, should be able 
to explain the principal features of the data. 
This Is why very simple models, such as the 
random-elenent-lsodtsplac.-sent (RF.I) model 
{23-251, have been successful tor the purpose of 
obtaining- optic mode frequencies as a function 
of alloy composition. The features that are 
difficult for anv model to predict are the alloy 
modes, In this regard, we note that the present 
method, despite Its limitation to short-range 
forces, is clearlv capable of Including anv 
alloy modes, whereas most other theories, 
Including the coherent potential approximation 
(GPA) [ml and other similar effective-medium 
theories, are inappropriate for Including the 
effects of clusters of mlnorltv atoms — t.e., 
effects on Che order of x‘ or (1-x)^, 

A, Comparison with data 

In comparing the calculated densities of 
states with Raman or Infrared data, one must 
make allowances for the deficiencies of the 
theory, Including the facts that the calculated 
spectra do not Include Raman or Infrared matrix 
elements, and the model neglects the 
polarizability of the bonds and the long-ranged 
Coulomb forces. Thus, when viewing the 
theoretical predictions, It may be necessary to 
mentallv shift peaks of order *20 cm - *, sollt 
peaks, broaden them, and change their 
intensities In order to bring the theory Into 
coincidence with the data. Nevertheless, oven 
with these uncertainties, the theory can he very 
useful for Interpreting data. 

a. x*0.76 

Fig. 3(a) shows Raman data for Al Ga^As with 
alloy composition x » 0.76, obtained by Tsu et 
al. [11, and the best-resolved spectrum, at 
T » 350 K, among the resonant Raman-scatterlng 
data taken by Jusserand and Saprlel (A). The 
experimental conditions for obtaining these 
data. In a perfect crystal, would yield only the 
L0:T modes: backscatterlng from the (100) 
surface with Incident and scattered light 
polarizations parallel to the (Oil) crystal 
axis. However the disorder of the alloy breaks 
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WAVE NUMBER XT* ( cm"') 

0 100 200 300 400 



0 10 20 30 40 50 


ENERGY lift ( m*V ) 

Fig. 1, (a) Raman spectrum for Al^^Cao 24 As states for At n 7(l Ra 0i , 4 As, Various node 

after Ref. (1) (solid lines) and resonant ftanan assignments of'Refs.'Ill and |4) are Indicated, 

spectrum for A ^jCap^As after Ref. (41 At denotes an acoustic local mode. 

(dashed line); (6) calculated density of phonon ’ 


the Raman selection rules, leading to the 
activation of ether non-LO moles. Thus, while 
the theory (See Figs. I and 3(b)) confirms the 
general assignment of the L0 AtA peak, It 
suggests that disorder-activated zone-boundary 
TO:t and TO:X modes, uhleh produce a peak In the 
calculated density of states at ~390 cm”* (Fig, 
3(b)), contribute as veil to this peak -• giving 
It breadth and an asymmetric shape. 

Concentrating on the fact that the selection 
rules forbid the TO modes (In the crystal), we 
speculate chat the T0 AtAs assignment of the 
-360 cm - * peak should be revised: the theory 
(Fig. 3(b)) has an alloy mode ar -360 cm - *, 
which results from (See Fig. 2) vibrations of At 
atoms with some Ga atoms replacing At atoms at 
the second-nearest-neighbor sites (typically 
three Ga atoms and nine At atoms at the 
second-nearest-neighbor sites for x » 0,76). 

We confirm the other na.sor mode assignments of 
Ref. (1): the peaks designated as GaAs-llke 10 
and. (disorder-activated) TO nodes In the data 
correspond to the persistent part of the 
GaAs-llke optic band at ~270 cm - * in the density 
of states (See Fig. 1). The shoulder of the 
GaAs-llke ootlc peak (AL: denoted Acoustic Local 
mode In the data) can be attributed to the alloy 
mode at -250 cm - * in the density of states (Fig. 
2). This node Is due to vibrations of As atoms 
with At atoms replacing Ga atoms at the 


nearest-neighbor sites (typically three At atoms 
and one Ga atom at the nearest-neighbor sices 
for x • 0,76), 

The two lowest bands observed 'In the resonant 
Raman-scattering data of Ref. |4] (Fig. 1(a)) 
are-the disorder-activated longitudinal accustlc 
mode and the disorder-activated transverse 
acoustic mode respectively. The acoustic region 
of- Che density of states, for this alloy 
composition, retains most of the features of 
AiAs, and can be crudely assigned with the 
symmetry points of AlAs. Comparing each feature 
In the experimental data with the density of 
states (Fig. 1), we confirm in general the 
LAtX(AlAs), TA:X(AtAs), and LA:L(AtAs) peak 
assignments, while noting that, respectively, 
disorder-activated LA:U,K(AtAs) and TA:L(AtAs) 
modes should also contribute Co these ..eaks. Ve 
tentatively :«ass ( lgn the peak labeled TA:L(AtAs) 
In the data, at least in part, to an alloy mode 
which results from vihratlons of As surrounded 
by (typically three) At atoms and (at least) one 
Ga atom. 

b. x»0.54 

Figure 4(a) shows the Raman data obtained hv 
Klm and Spltzer |2) for allov composition 
x ■ 0.64. The AtAs-like LO mode and the 
GaAs-llke LO mode are very sharp, obeying the 
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Fig. 4. (a) Raman spectrum for AU^Gag^As disorder-activated longitudinal acoustic mode Is 

after Ref. (2); (h) calculated density of phonon denoted DALA. 

states for the same alloy compoaltlon. The 


selection rules for this experimental geometry 
(hackscattaring from the (001) surface-wish 
light polarizations parallel to the (U0| 
crystal axis). The theory confirms the DALA, 
**°GaAs* an<1 t0 AtAs assignments. Furthermore, 
comparing the data ulth the density of states, 
the shoulders of the tuo main peaks appear to 
have resulted from the alloy modes which are 
disorder activated. The clusters responsible for 
these modes are nearly the same as those In the 
case of x * 0.3, as described earlier (Fig. 2): 
The L0 GjAj mode has sidebands assigned to 
clusters ulth a central Ga atom and some At 
atoms as second-neighbors and to clusters with 
As surrounded by some nearest-neighbor At atoms. 
The L0 AitA3 line ha3 a low-energy tall due to 
vibrations of clusters with central At atoms 
with some Ga second-nearest-nelghbors, 

111. x-0.2 

Unlike the data for x»0.76 and x»0,54, the 
Raman spectrum of Fig. 5(a) {31 was measured 
under conditions meant to forbid the 10:T and 
TOtT modes (In the case of a perfect zincblende 
crystal): scattering from the (100) surface with 
llghe polarizations parallel to the [0011 
crystal axis. Hence the main peaks are due to 
hroken selection rules and are 
disorder-activated (UA). The peak assigned to 


tuo-‘honon scattering bv transverse acoustic 
modes (2TA) and The disttdcr-actlvaced AlAs-llke 
optic mode (DAO) near 37V era”* were removed from 
the spectrum hy the authors of Ref. (3|, 
yielding the processed spectrua of Fig, 5(b) — 
which chose authors argue Is similar to Che 
density of vibrational states for GaAs, Our 
calculations confirm their density of states 
argument and support their assignments. The 
somewhat sharper feature In Che theory at 
~280 era”* Is an artifact of the theoretical 
model due to the omission of lang-ranged forces: 
as a result the TOtT and L0:T modes are 
degenerate In the theory but spilt in the data. 

5. Summary 

The recursion calculations provide a good 
account of the phonons in Al^Ga^As alloys. In 
general, the spectra are well-described by the 
rerslstence limit, Eq, (1), which is why so many 
assignments of alloy spectral lines In cerms of 
phonons In GaAs or AlAs have been correct. In 
particular the "two-mode" behavior of che 
A *x Ra l-x As opt * c roode Is a consequence of the 
persistent nature of phonons in these alloys: 
thus one observes distinct AlAs-llke and 
GaAs-llke optical phonon modes. 

The genuine alloy effects are the "altoy 
modes" that are not well-described hy the 
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Fig. 5. (a) Raman spectrum for Alp 2 ( ’ a n,8^ s density of phonon statei for the sane alloy 

after Ref. (3li (b) spectrum obtained In ' composition. DA Indicates “disorder-activated.' 1 

Ref. (31 by removing the background, the The mode Identifications In (a) are those of 

two-phonon contribution, and the DAO Ref. (31. 

(Disorder-Activated Optic mode); (c) calculated 


persistence approximation, Ec. (1). The 
recursion-method theory produces these nodes and 
Identifies each of them with the vibrations of a 
specific atom or cluster of atoms. These 
Identifications appear to provide Improved 
assignments of some Raman spectral lines. The 
success of the theory In this regard, namely In 
describing the corrections to the persistence 
limit. Is what makes the recursion method a 
satisfactory theory of alloys. However the 
present calculations should be regarded as only 
a first semi-quantitative attempt to describe 
ohonons In tll-V pseudo-binary alloys. The 
theory should, be Improved by Including 
long-ranged forces, especially Coulorablc forces 
and the effect of the polarizability of the 
alloy constituents. 
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APPENDIX: Probabilities 

The probabilities of occurrence of five-atom 
mlntcluucers are calculated assuml .g a random 
pseudo-htnarv al'w'’ In which all anion sites are 
occupied by As atoms and the At and Ca atoms are 
randomly distributed on the cadon sites. For a 
mlnlcluster with a central At or Ca atom, the 
four neighboring atoms are <'s atoms. For a 
central As atom, the probability of ra At and n 
Oa atoms on the neighboring sites Is x m (l-x) n , 
and there are 4!/(nlm!) such clusters. 
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We report self-consistent calculations for the deep levels of nearest-neighbor (S,S) substitutional 
defect pairs in Si, including (i) the charge-state splitting, and (ii) ratios of hypcrfine tensor com¬ 
ponents. The good agreement with available data lends credence to the mesobonding mode! of 
paired-chalcogen deep levels. 


I. INTRODUCTION 

A controversy exists concerning the character of the 
deep-level wave functions of chalcogen nearest-neighbor 
substitutional pairs in Si. On the one hand, Sankey and 
Dow 1,2 and Hu et a/. } claim that the "molecular" wave 
function for the (S,S) deep level in the gap of Si is meso- 
bonding, that is, a a-like a,-symmetric 4 bonding linear 
combination of the two antibonding p-like ^-symmetric 
isolated-S wave functions. [These r 2 states of isolated S 
are not deep in the gap of Si, but are resonant with the 
conduction band; the isolated-S states in the gap are 
known to be of A x symmetry and of antibonding charac¬ 
ter, but descend into the valen-* band for (S S) 
pairs. 3,5-12 ] On the other hand, Worner and Schrimer 13 
claim that the corresponding wave function for (Se.Se) is 
totally antibonding: an antibonding linear combination of 
antibonding isolated-Se s-like /^-symmetric deep-level 
wave functions. In the Worner model, the /1,-derived 
state of the molecule lies within the fundamental band 
gap. 14 [Both of the theories indicate that the deep levels 
of (S,S) and (Se.Se) should have similar wave functions.] 

In this paper we report self-consistent calculations of 
the wave functions and energies for (S,S) + and (S,S)° 
deep levels in Si. Our results lend support to the meso¬ 
bonding model and complement other self-consistent 
theories of extended defects in semiconductors, 15 


The Green’s function is evaluated using the sp } s* 
empirical tight-binding model of Vogl et a /., 17 by simply 
finding the eigenvalues £{k,A.) and eigenvectors |k,A.) 
of the Hamiltonian. IS The defect potential V~H —Hq is i;fc 
constructed along the general lines suggested by Hjalmar- 
son et a/.: 16 In a localized Lowdin-orbital basis of s, p x , 
p y , and p, orbitals the defect-potential matrix is a 32X32 
matrix involving only the two S sites and the six neigh¬ 
boring Si sites directly bonded to S atoms. Following es¬ 
tablished approximations, 16 we neglect the long-ranged 
non-central-cell Coulombic parts of the defect potential 
and ignore lattice relaxation around the impurities— 
approximations that introduce uncertainties of a few 
tenths of an eV into the predicted absolute deep level en¬ 
ergies. 16,17 However, for studies of charge-state split¬ 
tings, which are differences in deep-level energies, these 
theoretical uncertainties largely cancel, leading to a 
theory of the energy difference much more accurate than 
0.1 eV. 

The symmetry group of a nearest-neighbor substitu¬ 
tional (S,S) pair oriented along the (111) crystal axis is 
C iv (Ref. 4) (versus T d for isolated S). The irreducible 
representations are a, (a-like), a 2 (rotation about the 
S—S bond), and e (rr-like). Thus the 32x32 secular 
determinant factors into one 10x 10, one 2X2, and one 
20X20 determinant, each with the form 

det(l-G o n=0, (3) 


II. METHOD 

Our approach is based on the Hjalmarson et al. theory 
of deep impurity levels, 16 and solves the secular equation 

det[ 1 — <?„(£) I']=0 , (1) 

where Kis the defect potential operator and £?„(£) ir the 
bulk-Si Green's function 


G 0 (£)=(£ 


~ :k,A)<k.;j_ 

(2) 

a E-E(k,h • 
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but involving matrix elments between the basis functions 
of a single irreducible representation only. Details of the 
calculation and explicit expressions for the basis func¬ 
tions may be found elsewhere. 19 

The defect potential is diagonal in a Lowdin-orbital 
basis for the perturbed crystal, with the values 

<i,cr;R | V | i, a;R> =P,[EU,o:R)-W(i,<r,R)) (4) 

where /?,• =0.8 for / =j and /?, =0.6 for t =p x , p y , or p .. 16 
Here R labels the atom and o denotes spin; in/.siR) is 
the value of £(i,cr;R) for bulk Si. 

The defect potential is determined self-consistently us- 
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TABLE I. Computed occupation numbers n(i,a\ R) for the 
(S.S) and isolated S defects in Si. 


Occupation number 

<S,S)° 

(S.S)' 

<S)" 

(S)' 

2 n(s,(7;R n ) 

2.01 

1.96 

1.97 

1.92 

2n(p M ,(r; R 0 ) 

3.86 

3.86 

3.84 

3.87 

2«(r,<r; Rj) 

1.26 

1.26 

1.25 

1.30 

fi,o 

2.65 

2.60 

2.64 

2.57 


ing the scheme of Haldane and Anderson. 20 The 
atomic-orbital energies are j 

£(s,cr)=£,°+f/„ 2'«(.r,a') + f/ v £ n(p (1 ,a') (5a) 

a* /i,#/* 

and 

E(p v ,a)=E p + U pp 2 , rt(p J4 )0 r ')+f/ v , (5b) 

where v and p run over x, y, and z, and the prime on the 
summations means that terms with o = o' and v=p are 
excluded. The occupation numbers n are either unity or 
zero in atoms. The Coulomb integrals G„, U, p , and U pp , 
together with the orbital energies £,° and £°, have been 
determined for Si and S by fitting atomic spectra. 7 

In the solid, the occupation numbers at each site, 
n(/,<r;R), are allowed to assume nonintegral values, be¬ 
cause charge is more delocalized then in an atom. At 
zero temperature, they are expressed in terms of the 
defect-perturbed Green’s function G = G„{ 1 — G„F)' 

rt(/,cr;R)=(-1 /ir) f ' Im</,o,R j G(£) | i,a,K) 

+ 2 |</,a l R|» ; >| J (6) 

y 

where £„ is the valence-band maximum and the summa¬ 
tion runs over the occupied bound states in the band gap. 
Here the bound states are normalized as follows: 21 


('P,| V(d/dE)[G n (E)]V\'V ) ) = -\ . (7) 

Since the occupation numbers n depend on the defect 
potential V (and vice versa), Eqs. (3), (4), and (6) are 
solved iteratively until self-consistency is obtained. This 
is done for the deep levels of both (S.S) ‘ and (S,S)°, the 
difference between the energies of the two deep levels be¬ 
ing the charge-state splitting. 

III. RESULTS 

A. Occupation numbers 

The computed occupation numbers for a S site (R 0 ) 
and a Si site (R 2 ) are given in Table I. They add to (al¬ 
most) six electrons per S atom and four per Si atom, indi¬ 
cating that the atoms are all nearly neutral in their cen¬ 
tral cells, regardless of the charge state of the defect: the 
extra electron of (S,S)° is rather delocalized and spends 
very little time in the central cells. A similar situation 
held for isolated S in Si (Ref. 6) that has virtually the 
same occupation numbers nU,a,R) as (S,S), despite the 
fact that the deep-level wave function is qualitatively 
different—being A , in character rather than T 2 derived. 
(See Table I.) 

B. Comparison with data 

The principal results of the calculation, as they relate 
to data, are displayed in Table II. These include the 
charge-state splittings £[(S,S)°]-£[(S,S) + ] and 
£((S)°]-£[(S) f ], respectively, and various measured 
functions of the hyperfine tensor's components, A t and 
A | for (S,S) + and and B, for (S) + , as computed in 
Refs. 1, 2, and 5. Note that all of these quantities are in 
excellent agreement with the data. The predicted Ty 
derived deep level of (S,S)° lies a few tenths of an eV 
below the measured level, a result attributable to the $*-/> 
coupling of the simplified Vogl tight-binding model, 
which is well known to push the indirect conduction- 
band minima of Si down to their experimental energy, 
while simultaneously depressing the p-like 7\-derived 


TABLE II. Comparison of theory with data for the charge-state splittings £[(S,S)“]-£[(S,S)* ] and 
£{(S)°] — £[(S) + ] for (S,S) and isolated-S deep levels in Si, absolute energy £((S,S) H ) of the neutral (S.S) 
deep level (with respect to the valence-band maximum), and various ratios of the principal values for 
the hyperfine tensor A of (S.S) * and B of (S) *. The data for A X J A^ and ( A t - /I,)/( A t +2A,) are for 
(Se,Se) + because we were unable to find comparable data for (S,S)\ This substitution of Se data for S 
data is justified because the S and Se deep levels in Si are known to be almost the same (Refs. 2 and S): 
Both defects’ wave functions are Si-dangling-bond-like (Ref. 16). _ 



Theory 

Data 

£[(S,S ) u ] — £((S.S) * ] 

0.19 eV 

0.1S eV* 

£[<S) (, 1 —£[(S)'] 

0.27 eV 

0.30 eV 4 

£((S,S) U ] 

0.44 eV 

0.98 eV 4 


0.35 

0.37 b 

A i /A l 

0.95 

0.97 for (Se.Se)* 1 ’ 

(A t — A X )A Ajj+2A t ) 

0.0 lb 

0.01 for (Se.Se)"’ 


•References 2 and 9. 
b Referenct 13. 
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deep levels a bit more than they should be.” This ar¬ 
tifact of the mode! can be correc' ■«' by adjusting the 
strength of the ,<*-p -oupling until the theoretical 
isolated-(S) 0 deep level l : es at the experimental value of 
0.86 eV—in which case the other quantities of Table II 
are changed very little and the theoretic;:' *S,S)° deep lev¬ 
el is found to lie at the experimental energy of 0.98 eV to 
within 1%. 

Our calculated charge distribution for the (S,S) + deep 
level is given in Table III and is essentially the same as 
that found by Sankey and Dow u for (S,S)'' using a non- 
self-consistent theory which prt duced remarkable agree¬ 
ment with data. Likewise our self-consistent calculations 
for the deep level of isolated (S)* - (Ref. 6t agree w\th an 
earlier non-self-consistent calculation by Ren e) al. s 
Thus our theoretical predictions for (S,S) + and (S) + are 
in agreement with both previous theory and the 
data.* 10 - 1 -' 

IV. CONCLUSIONS 

The quantitative agreement between the self-consistent 
theory and the data is a strong indication that the meso- 
bonding model of paired-chalcogen deep levels in Si is 
correct. Electron-nuclear double resonance measure¬ 
ments of the charge distribution cf (S,S) T , if they pro¬ 
duce similar distributions to those of Table III, will pro¬ 


40 

TABLE III. Computed electronic charge disiribu'ion of the 
a i -symmetric mesobonding deep-level state in the fundamental 
band gap of Si, associated with nearest-neighbor substitutional 
sulfur-pair impurities IS,S) + . The index p runs over .x, y, and z; 
the index R, runs over R„ and R ( , that is, over the sulfur sites; 
a.id runs over R,, R,. R 4 , Rj, R it and R ? : the first-neighbor 
silicon at oms to each S impurity. _ 


State 

Electron charge t%) 

2 |('P|i,R / (S))| i /2 

3.4 

2K'P| V R / (S)>|V2 

1.9 

A/4 

2 |<'PjJ.R ; (Si»|V6 

1.3 

2 |('P|p,.R / .(Si)>| ! /6 

7.7 




vide final resolution of the mesobonding versus totally an¬ 
tibonding controversy. 
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The following anomalies In Che (GaSb) i^ x G^2x Raaan dataware slaply 
explained using an alloy theory and an order-disorder phase-transition 
model: (1) the discontinuous dependence on x of the Ge-like LO mode, 

(il) the anomalous LO-Tb splitting, (ill) the discontinuous change in 
the derivative with respect to x of the GaSb-like L0 line width, (lv) 
the maximum as a function of x of the Ge-like L0 line width, and (7} the 
asymmetries of the L0 lines. 


In this communication we report calculations 
of the densities of vibrational states for 
metastable, substitutional, crystalline 
(GaSb)j_ x Ge2x alloys [1,21 and provide 
explanations of the following anomalies in the 
Raman data [31 for these alloys: (i) the 
discontinuous dependence on x of the Ge-like 
longitudinal optic (L0) mode frequency 0, (ii) 
the existence of a discernible splitting between 
the long-wavelength (£"5) longitudinal optic and 
transverse opclc (TO) modes for x<0.3 but not 
for x>0.3, (iii) the GaSb-like LO-raode width W' 
that increases with x and exhibits a 
discontinuous change in dW'/dx at x=0.3, (iv) 
the Ge LO-raode width W chat, as a function of x, 
is maximum for x=0.3 and has a discontinuous 
derivative dW/dx near X”0.3, and (v) asymmetries 
of the LO nodes chat are not smooth functions of 
x. 

The calculations are based on a Bom 
von Karaan rigid-ion [4] model of the lattice 
dynamics of GaSb and Ge. The alley fluctuations 
are incorporated using the recursion method [5] 
(executed to 51 levels for 1000 atoms), with Che 
distributions of atoms on the nominal anion and 
cation sites of a zlncblende lattice being 
governed by the zincblende-diaraond phase- 
transition model with a critical alloy 
composition x c *0.3 [6,7), as evaluated in a 
mean-field approximation (8). To facilitate the 
calculations, interatomic forces with ranges 


* Current address: Department of Physics and 

Astronomy, University of Maryland, College Park, 
MD 20742. 


longer than the second-nearest-neighbor distance 
ate omitted from the densities of states 
evaluation. The calculations (except for the 
phase-transition aspects) are similar to chose 
reported for AJ^Ga^As [9); details of the 
caiculaclonal method and tables of the relevant 
force constants are available [10,11]. The 
output of the calculation is an ensemble- 
averaged approximation to the density of 
vibrational states per unit cell 

0(0) - JT 1 E s 5(JW1 S ), 

where H is the number of unit cells and Che sum 
la over all elgenmodes with eigenvalues fl g . The 
results for (GaSb) j_ x Ge 2 X are displayed in 
Fig. 1, for various values of the composition x 
and the order parameter M of the phase 
transition, which is proportional to the average 
electric dipole raooenc per unit cell. (Recall 
Chat in this model the LO and TO modes at x«(J 
are degenerate.) Many features of Che alloy 
density of states spectra can be associated with 
the densities of states of either GaSb or G>: 
for x»Q.5 ue compare the average of Che GaSb and 
Ge spectra with the alloy density of states. In 
Fig. 1, we associate deviations from this 
average with "alloy modes" [9] and identify the 
major spectral features with the vibrations of 
specific bonds in the alloy. 

Especially noteworthy is the fact that the Ge 
opclc mode, which is due mostly to vibrations of 
Ge atoms and Ge-Ge bonds, has a low-energy Ga-Ge 
sideband chat is discernible in Fig. 1 for 
x<0.5. The calculated splitting between the Ga- 
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WAVE NUMBER X*' (cm 1 ) 



ENERGY Hil (meV) 

Fig. 1. Calculated densities of phonon states 
for (GaSb)]_ x Gej x alloys, assuming the phase- 
transition raodel [7] with an order parameter M 
{solid lines). The dashed line is the average of 
the GaSb and Ge densities of states. Various 
peaks are associated with specific bonds. 


Ge and Ce-Ge spectral features is =7cm -1 [12]. 
Using the calculated splitting and the know LO 
k -0 mode frequencies in Ge and GaSb [13], we 
find an explanation of the anomalous 
discontinuity in the Ge-like LO-mode position 
(Fig, 2): Both the Ge-Ge and Ga-Ge vibrations 
coexist within the "Ge-like LO peak" at slightly 
dit.erent frequencies 0; in Ge~rich material the 
Ge-Ge peak is prominent, but in GaSb-rich 
material the Ga-Ge feature dominates the "Ge- 
like LO mode." Hence the discontinuity in the 
plot of che peak position versus x is due to 
switching of che most prominent spectral feature 
from Ga-Ge to Ge-Ge. 



^ Fi 8- 2. Peak positions 2 (in cm -1 .) of che Ge- 
like LO modes versus alloy composition x,. after 
Ref. [3] (data points). The parallel lines, 
through the data for the LO modes associated 
witij- the Ge-Ge and Ga-Ge bonds are separated by 
the calculated amount, =7 cm -1 [12], with the 
Ge-Ge and Ga-Ge end points fit to che observed 
LO-aode frequencies. 

Another feature of the data [3] is che 
apparent absence of a discernible L0-T0 
splitting [14] of the GaSb-like modes for 
x>0.3, although the breadth of che princinal 
spectral features may prevent observation of 
small splittings, nevertheless, 'the phase- 
transition model [7] offers a simple explanation 
of this phenomenon: The net average dipole 
moment per unit cell vanishes at the critical 
composition x c =0.3; as a result the LO-TO 
splitting, which in a perfect crystal is 
proportional to the square.-of the dipole moment 
[14,151, likewise vanishes [16]. In Fig. 3 we 
plot che theoretical prediction for the odcIc 
mode obtained from the alloy theory of Fig. 1 
(with no long-range forces), shifted slightly 
[17], and split a posteriori by an amount 
proportional to The square of che order 
parameter M (181, to account approximately for 
the charge transfer among Ga, Sb, and Ge accms. 
These simple ideas seem to provide a pleasing 
explanation of che data [13]. 

The total width W' of the GaSb-like mode 
increases as a function of x, with dW'/dx 
changing disconcinuously at x-0.3 [3]. This is 
symptomatic of a phase transition with x c »0.3: 
for x>x c the distinction between anion and 
cation sices is lost, which is reflected in che 
GaSb-like LO-phoncn line width. The continued 
Increase in the apparent width of this broad 
feature as x increases results from the GaSb 
mode merging with the Ge-Sb features of che 
spectrum, as seen in Fig. 1. 

The Ge-like optic mode lies at high energy and 
is discernible for x>0; hence it does not merge 
with a broad continuum of other modes as the 
GaSb-like mode does. Its width is maximum at 
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HaPLAXATION* OF THE ANOMALOUS RAMAN SPECTRA OF (GaSb), Ge„ 

1-x: 2x 



Fig. 3. The peak positions SI (in era -1 ) of Che 
Raman lines for the GaSb-llke LO and TO modes 
versus alloy composition x. The solid line is 
the shifted (17] theory with a Lyddane-Sachs- 
Teller‘splitting (14] proportional to the square 
of the order parameter of the phase-transition 
theory (13]. 

x=0.3. The total width is due to many different 
modes (including, e.g., modes associated with 
Ge-Ge, Ga-Ge, and Ga-Ga bonds) and reflects the 
disorder in the alloy. Qualitatively this width 
should be a maximum (minimum) when Che disorder 
is a maximum (raininum). Since the entropy is a 
measure of disorder, in Fig. 4 we compare the 



(GoSb) (GoSb) 1 . 1 Ge 2l (Ge) 


Fig. 4. Total Raman line width (in era" 1 ) 
versus composition x for the Ge-llke LO mode in 
(GaSb), Gep x . Data are indicated by circles. 

The solid line is the entropy per site S(x)/k g 
(divided by Boltzmann's constant) evaluated 
using the phase-transition theory (7| and the 
dashed Hoe is the theory for the on-slt>, model, 
which does not allow Sb-Sb or Ga-Ga bonds. The 
right-hand scale is for S(x)/k B , Note chat the 
maximum of S(x) coincides with the maximum line 
width in the phase-transition model, but not in 
the on-site node l. 


entropy of thephase-cransition model (for 
x c =0.3) (7) with the Raman line width. The 
•entrooy .oer site (in a mean-field approximation) 
is (7] r- ' : 

S(x)/k 3 - {(l-x+M)/2] in((l-x+M)/2] + x in x 

+((l-x-M)/2] in[(l-x-M)/2], 

where M is the order parameter of the transition 
(7] and k g is Boltzmann's constant. The 
agreement between the theory and the data is 
gratifying. 

..The peak of the entropy at x=0.3 is indicative 
of the order-disorder zinebiende-diamond phase 
transition with-critical composition x c =0.3. A 
feature of this phase-transition model is that 
Sb atoms may occupy nominal cation sites, and 
vice versa — leading to Sb-Sb and Ga-Ga bonds. 
If the Sb atoms are constrained to occupy only 
anion sices and the Ga atoms reside only on 
cation sices (the "onrsite model"), then the 
theory predicts an entropy chat has a maximum at 
x»0.5 (See Fig. 4) (10], Thus the data for the 
total line width are consistent with the phase- 
transition model and inconsistent with the on¬ 
site model. 

This raises the issue of why the data do not 
exhibit prominent spectral features associated 
with Sb-Sb and Ga-Ga bonds (since the 
appreciable number of antisite Sb and Ga atoms 
predicted by the theory produce such bonds). In 
particular, a strong Sb-Sb peak had been 
expected near 193 cm - * (3). In fact, the theory 
(Fig. 1) shows that the Sb-Sb features are weak 
even in the mean-field approximation to the 
phase transition, and they are likely to be 
weaker yet in a theory chat allows for atom-atom 
correlations (and hence has fewer Sb-Sb bonds 
(191). Thus Fig. 1 suggests Chat the Sb-Sb bonds 
merely contribute to a relatively broad and 
featureless shoulder of the GaSb-like LO line, 
rather than produce a prominent peak in the 
spectrum. 

Finally, we note that the asymmetries of the 
GaSb-like and Ge-like LO lines have been 
reported to have anomalous dependences on 
composition x, with discontinuous derivatives 
(3], This is symptomatic of Che fact chat the 
lines are composed of features associated with 
several different modes: Che different modes 
have changing importance in the overall line as 
x varies, and this manifests itself as an 
anomalous dependence of the overall line 
asymmetry on composition. 

In summary, the main features of the Raman 
data for (GaSb)._ x Gei x , once thought to be 
mysterious and anomalous, are naturally 
attributed to the combined effects of alloy 
fluctuations and an order-disorder zinebiende- 
diamond phase transition (20). 
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X-ray diffraction data, ellipsometry data, Raman-scattering data, and theory combine to provide 
strong evidence of a zinc-blende-diamond order-disorder transition with x c =,0.3'that affects the 
crystal, electronic, and vibrational structures of (GaAs)|_,(Ge ; ), metastable, substitutional, crys¬ 
talline alloys. It is argued, based on analyses of extended x-ray-absorption fine-structure data for 
(GaSb),_^(Ge 2 ) x , that the number of anion-anion bonds in these M lll -B v )|_ JI (Cj v ) J , alloys is 
significant, and requires a theory that goes beyond the mean-field approximation. 


The proposal 1,2 that long-lived, metastable, substitu¬ 
tional crystalline alloys, 3-5 such as (GaAs)|_ x (Ge 2 ) x and 
(GaSb) t _ x (Ge 2 ) x , exhibit an order-disorder zinc- 
blende-diamond phase transition as a function of alloy 
composition x has stimulated considerable interest and 
discussion 6-11 and some controversy. 9-11 The original 
proposal was motivated by data for the direct energy 
band gap £ 0 (x) of (GaAs),_ x (Ge 2 ) x , which showed rion- 
parabolic K-shaped bowing as a function of x, with the 
minimum of the V at the phase-transition composition 
x c , near x~0.3 (Ref. 2). In this paper we report x-ray 
diffraction data, 4 ellipsometry data, Raman-scattering 
linewidth data, and theory which together demonstrate, 
conclusively, the existence of the predicted order- 
disorder transition and its role in determining the crys¬ 
tal, electronic, and vibrational structures of 
(GaAs)|_ x (Ge 2 i x metastable alloys. 

The idea of the phase-transition model 2 is that for 
small x, the alloy (GaAs))_ x (Ge 2 ) x is GaAs-like (with 
Ge substitutional “impurities"), retaining the zinc-blende 
crystal structure; but for large x, the alloy is Ge-like 
(with Ga and As substitutional “impurities”), retaining 
the diamond structure. 12 The zinc-blende phase has 
well-defined anion sites occupied almost exclusively by 
As or Ge atoms and cation sites occupied predominantly 
by Ga or Ge. For Ge-rich alloys, however, the 
diamond-structure crystal has Ga atoms occurring on 
both nominal anion and cation sites since, in the limit of 
x near unity, there are too few Ga and As atoms to force 
the Ga atoms all to align on one “cation” sublattice. A 
phase transition must occur between these limiting ex¬ 
tremes, i.e., there must exist an intermediate composi¬ 
tion x c such that for x>x c , the distinction between 
anion and cation sites is lost, the average net dipole mo- 
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ment per unit cell vanishes, arid the crystal structure of 
the alloy becomes diamond rather than zinc blende. The 
F-shaped bowing of the direc.-gap data indicates, that 
the critical composition is near x c =sO,3. 1,2 

The phase-transition model of the alloy, in its first 
form, used only the mean-field approximation, and thus 
the theory contained the well-known problems of that 
approximation. In particular, as shown by Koiller 
et al., 6 mean-field theory, which predicts adequately the 
long-wavelength properties of the (GaAs)|_ x (Ge 2 ) x al¬ 
loys, is less reliable at short wavelengths or short dis¬ 
tances, and overestimates somewhat the number of an¬ 
tisite defects or As —Ao bonds to be expected in 
(GaAs)|_ x (Ge 2 ) x . Quantitatively, the calculation of the 
order parameter Mix), which is proportional to the 
average electric dipole moment per unit cell, 2 is not 
correct in either the original mean-field theory or the 
Koiller et al. correlated theory: these mean-field 
theories predict that Mix) varies as (x —x c ) 1/: , rather 
than the currently expected form, Mix)—(x — x f 'f, with 
P being the critical exponent (/?=:■}, assuming that x c de¬ 
pends linearly on temperature). 13 In the limit 
x-*0,M(x) is closer to unity in a correlated theory 6 
than in mean-field theory. Although these difficulties 
may affect some of the detailed quantitative predictions 
of the mean-field theory (as discussed below), the prob¬ 
lems with a mean-field approximation do not affect ei¬ 
ther the qualitative prediction of the zinc- 
blende-diamond phase transition near x f =,0.3, or many 
of the semiquantitative predictions of the long- 
wavelength properties of these alloys. 

One experimental signature of a zinc-blende crystal 
structure which differentiates it qualitatively from a dia¬ 
mond crystal structu.e is the (200) x-ray diffraction spot, 
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which must vanish abruptly at a zinc-blende-diamond 
phase transition, because then the distinction between 
cation and anion sites vanishes. Thus, if the phase- 
transition model is correct for these alloys, for x <x c a 
distinctive (200) x-ray spot should be observed, but for 
x >x c such a distinctive spot should be absent. To veri¬ 
fy the model, samples of (GaAs)|_ x (Ge 2 ) x alloy were 
prepared on GaP substrates and measured by x-ray 
diffraction. 4 

(GaAs)!_ x (Ge 2 ) x films on undoped semi-insulating 
GaP substrates were grown 4 in a multitarget rf sputter¬ 
ing system, the general features of which have been de¬ 
scribed elsewhere. 14,15 The key to growing single-phase 
metastable alloys (GaAsli^tGei)* is the use of low- 
energy Ar-ion bombardment in order to collisionally mix 
the upper one or two atomic layers of the fi| ( m during 
growth. (The substrates were kept at 450-550 V C during 
growth.) The detailed sample preparation and growth 
techniques are'discussed in Ref. 16. Electron channeling 
measurements using a JEOL scanning electron micro¬ 
scope verified that the films were single crystals, and film 
compositions were determined to ±0.5 at. % by a JEOL 
electron microprobe referenced to Ge and GaAs wafers 
as standards, using the magiciv computer program 17 to 
make matrix corrections for fluorescence, absorption, 
and atomic number. The x-ray measurements employed 
a high-precision triple-crystal diffractometer and a 
Rigaku RU-200 rotating anode source s operating at 55 
kV and 100 mA, and emitting 0.7093-A Mo Ka y radia¬ 
tion. All samples analyzed were (lOO)-oriented single 
crystals. 

In Fig. 1 we show measurements of the x-ray (200) 
spot intensities / (200 , (appropriately normalized) as func¬ 
tions of alloy composition x for (GaAs)|_,(Ge 2 v , meta¬ 
stable alloys (grown on GaP substrates) and for 
(GaSb)|_.,(Ge 2 ) x (grown on GaAs). 4,18 These intensities 
drop precipitously at the critical compositions x c and 
vanish for x >x c -. the distinction between anion and cat¬ 
ion sites vanishes and the net average electric dipole mo¬ 
ment per unit cell (the order parameter of the phase 
transition) is zero. Similar behavior has been observed 
by other workers in (GaAs)|_ x (Ge 2 ) x . 19 Clearly, the x- 
ray diffraction data alone provide unambiguous and 
compelling evidence that the zinc-blende character of 
the crystal structure and atomic geometry disappears 
near x f ~0.4—as implied by the zinc-blende-diamond 
order-disorder transition theory and previous interpreta¬ 
tions of the direct-gap data. 1,2 (The slight difference be¬ 
tween the value ,x f = 0.4 extracted from the x-ray data 
for samples grown on GaP substrates and ;x f =:0.3 for 
the other measurements of samples on GaAs substrates 
is not significant, because x e depends on the growth con¬ 
ditions.) The experimental data arc also in good qualita¬ 
tive (but not quantitative) agreement with the mean-field 
calculation of the order parameter, also shewn in Fig. 
I . 20 

Ellipsometry data show the effects of the order- 
disorder transition on the electronic structure. The mea¬ 
sured energy of the £, edge 21 of 'GaAs),_;,(Ge 2 ) x alloys 
is displayed as a function of x and compared with the 


theory (evaluated in a mean-field generalized virtual- 
crystal approximation 2 ) in Fig. 2. (This edge has been 
resolved from the £,-i-A edge 21 by using Lorentzian 
fitting, with an estimated* experimental error of 50 meV.) 
The experimental results show a definite kink near 
.x f ~0.3, in good semiquantitative agreement with the 
theory. 22 Such K-shaped bowing of a band gap as a 
function of x in an alloy is a general feature of a phase 
transition (Refs. 2 and 23), and has been observed for the 
direct band gaps of both (GaAs)!_, t (Ge 2 ) x (Ref. 1) and 
(GaSb)i_ x (Ge 2 ) x (Ref. 24), with minima near * f =:0.3. 
Both theory 2 and experiment agree that the amount of 
bowing found for E y (x) should be of the same order of 
magnitude but less than that found for the direct gap. 22 
The data show the E y bowing to be about half of the £ 0 
bowing. 

The phase transition also manifests itself in the vibra¬ 
tional structure of (GaAs) t _ x (Ge 2 ) i( despite the fact that 
the masses of Ga, As, and Ge atoms are all nearly equal. 
The disorder of the alloy should influence the width of 



FIG. 1. The measured normalized diffracted x-ray beam in¬ 
tensity ratios of the (200) x-ray diffraction spots of 
(GaAsh.^Ge,);, grown on GaP substrates (circles) and 
(GaSb)i. x (Ge : ) x grown on GaAs (100) substrates (triangles in 
inset) vs alloy composition x after Ref. 4 We have R 
7,400 Lib) /( A’ooi/Juooi )iii-v, where the alloy is iGaAsL.^Ge-L 
or (GaSb)|_ x (Ge 2 ), and III-V refers to GaAs or GaSb. In all 
cases, the intensities 7 i2 oai are measured relative to the (400) 
beam intensities, since only the (200) beam is expected to disap¬ 
pear when the zinc-blende structure vanishes. These J 'a show 
that (GaAs), . x (Ge 2 ) x and (GaSb)|_ x (Gej)j undergo phase 
transitions at critical compositions .x, (with x f =i0.4 and 
x f n0.3, respectively) in which the zinc-blende character—the 
distinction between anion and cation sites—is suddenly lost. 
The solid lines are smooth curves through the data, and the 
dashed lines are the mean-field predictions for the dependences 
of the ratios R on the alloy compositions .x (assuming that is 
0.4 and 0.3, respectively): R = |M(x)/ [A/(;x=0)(l— g..)]|\ 
(This formula for R uses atomic form factors for GaSb, GaAs, 
and Ge obtained from Ref. IS and ignores suGi corrections as 
Debye-Waller factors. Hence we have g =0.257 and g =0.051, 
respectively.) 
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FIG. 2. Measured ‘variation of the E\ edge (Ref. 21) of 
(GaAs)|_,(Ge:^ (grown on GaAs substrates) versus alloy com* 
position x, compared with the theory. To emphasize the "bow¬ 
ing" we have subtracted a straight line from each of the theory 
(solid line) and the data (points) in order to force the variation 
to be zero for x -0 and x => I. 


the Raman line, both because the Ge atoms will be po¬ 
larized by Ga and 1 As (activating "forbidden’’ Raman 
lines and shifting line frequencies) and because the many 
different cluster environments of>Ge, Ga, and As should 
give rise to inhomogeneous broadening of the LO and 
TO modes in the alloy, causing them to overlap (they are 
separated by only =*15 cm -1 in GaAs). Indeed, the Ra¬ 
man spectra show one prominent broad long-wavelength 
optic line which, for some compositions x, contains two 
discernible peaks (this line was fit using least-squares 
methods to a two-peak model in Ref. 16. Thus, the na¬ 
ture of the alloy disorder should manifest itself in the 
width of this line: when the disorder is a maximum, we 
expect the linewidth to be a maximum, due to the con¬ 
tributions from the disorder-activated modes and new al¬ 
loy cluster modes. Thus, roughly speaking, the 
linewidth is a (semiquantitative) measure of the disorder 
or the entropy of the alloy. In Fig. 3 we display the Ra¬ 
man linewidth obtained from (GaAsl^lGej)* as a func¬ 
tion of x. We also present, for comparison, the calculat¬ 
ed entropy per site-S(jc) of the zinc-blende-diamond 
phase-transition model. 2,25 We find that the entropy 
peaks near x c (=*0.3) and has a discontinuous derivative 
with respect to x at x c , features also apparent in the 
data. 26 Thus the vibrational states of the alloy confirm 
both the electronic evidence gleaned from the ellip- 
sometry data and the crystal-structure evidence provided 
by x-ray diffraction: (GaAsl^lGe,)*. undergoes a tran¬ 
sition as a function of alloy composition x near * c =:0.3. 
Similar results were also obtained for the Ge linewidth 
as a function of composition in the related alloy 
(GaSb)i (Ge,)* . 8,2? 

The direct-gap data, the x-ray diffraction data, the el- 
lipsometry data, the Raman linewidths, and the theory, 
when taken together, all provide strong evidence of 
a zinc-blende-to-diamond phase transition in 
(GaAs)|_ x (Ge ; ) x , and its effects on the crystal, electron- 



FIG. 3. Measured full width at half maximum (in cm -1 ) of 
the long-wavelength Ge longitudinal optic Raman line of 
(GaAs)i_,(Ge 2 ),« vs alloy composition (points, left-hand axis) in 
comparison with the entropy per site Six), divided by 
Boltzmann's constant, as evaluated in the phase-transition 
model (solid line, right-hand axis). 

ic, and vibrational structures of these alloys. Available 
data for (GaSb)|_,(Ge 2 ),, a similar metastable alloy, 
also lend support to the theory. 8,27 

Thus the present theory resolves some of the contro¬ 
versy surroun ling the original phase-transition theory, 2 
by demonstrating that then, .s a phase transition with 

»0.3. However, the aspect of the original theory that 
has generated the most controversy 9,11 is the prediction 
that the alloys (GaAs)|_*(Ge 2 )* and (GaSb)(„ x (Ge 2 ). x 
should contain numerous antisite defects, that is, As— 
As or Sb—Sb bonds. References 9, 11, and 28 propose 
alternative models of these alloys that do not include the 
“wrong" bonds As—As or Sb—Sb. The model in Ref. 
28 is a percolation model, with a zinc-blende-diamond 
transition composition x. characteristic of a site-diluted 
diamond lattice, .x f =0.572. 29 The Holloway-Davis mod¬ 
el 9 is a modified percolation model, with a, calculated x ( 
of =*0.75. The Kim-Stern model" is a "kinetic” extend¬ 
ed cellular-automata model, prcducing * c =0.26 for 
growth in the {100] direction and x e <0.18 for spherical 
growth. We note that only one of these alternative mod¬ 
els, that of Kim and Stern," agrees even qualitatively 
with the x-ray diffraction data of Fig. 1. 

Predictions based on the Kim-Stern model for either 
the ellipsometry data or the Raman linewidth are not 
presently available, but the entropy may be evaluated in 
an on-site model 25 that requires all Ga atoms and Sb 
atoms to remain on their natural sites. This on-site 
model forbids Ga—Ga or Sb—Sb bonds and is, in that 
respect, similar to the Kim-Stern model, but is different 
in that it has no critical composition. The entropy 
determined from the on-site model is in marked 
disagreement with the Raman linewidth data, while the 
entropy from the phase-transition model 8,25 has the same 
general alloy dependence as the observed linewidths. 

Recent extended x-ray-absorption fine-structure (EX- 
AFS) data 10 yield partial information about the atom- 
atom correlations in (GaSb)|_ x (Ge 2 ) t grown on glass. 
The interpretation of these data depends on a number of 
assumptions. We assume first that the alloys are on- 
stoichiometry (that is, there are the same number of Sb 
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atoms as Ga atoms); that the crystal is of good quality 
(that is, that Sb does not phase segregate on the surface 
or along grain boundaries); and that there are no vacan¬ 
cies. 30 We then extract from the data the probabilities 
of. forming Ga—Sb, Ge—Sb. and Sb—Sb bonds (for de- 
taiis, see Appendix A) The results are shown in Fig. 4 
and are compared with those determined from the 
phase-transition model using mean-field theory [for de¬ 
tails, see Appendix A, and, in particular, Eqs. (A2)]. In 
making these comparisons, we must know the phase- 
transition composition * c for (GaSb),_ x (Ge 2 )^. grown on 
glass. Since zinc-blende-lattice spots were only seen for 
a sample with *=0.1 (not analyzed using EXAFS), 10 the 
EXAFS data used in generating Fig. 4 appear to be for 
samples that are all in the diamond phase. With that as¬ 
sumption, the extracted Sb—Sb bond probabilities 



FIG. 4. Comparison of mean-field bond probabilities vs 
composiiion * with those extracted from EXAFS data (circles) 
(Ref. 10) for (GaSb), ,<Ge>), grown on glass: (a) Sb—Sb bond 
probability (b) Ga—Sb bond probability P (ij _(c) 

Ge—Sb bond probability P(; c _sh- Solid curves represent the 
theory for * > .v, (diamond phase) while dashec curves show 
mean-field results for* <* f (zinc-blende phase, with * r chosen 
to be 0.1,0.2,0.3 -long dashes), 0.4,0.5, and 0.6. Note that the 
extracted EXAFS Sb—Sb bond probability are meaningful 
only for those samples that are in the diamond phase. For de¬ 
tails, see the text and Appendix A. 


P st>—st>> shown as circles in Fig. 4(a), are all between 5% 
and 7%. This result is qualitatively consistent with the 
idea, from the original' phase-transition theory 2 ; that 
P sb—sb > s nonzero'' 1 and implicitly contradicts the cen¬ 
tral assumption of the Kim-Stern model, that P S b-Sb * s 
zero. Now compare the Ga—Sb bond probabilities 
determined from the EXAFS' data [denoted circles in 
Fig. 4(b)] with the results from the phase-transition mod¬ 
el using mean-field theory 2 [solid, line (diamond phase) 
and dashed lines (zinc-blende phase) in Fig. 4(b), with x f 
chosen between 0.1 and 0.6]. Qualitative agreement with 
the theoretical result is obtained for x c chosen to be 
larger than 0.1, and of the order of that observed in Fig. 
1 for (GaSb)|_ x (Ge 2 )j, grown on GaAs: x c =0.3 [long 
dashed lines in Fig. 4(b)]. If the phase-transition compo¬ 
sition of (GaSb)|_ x (Ge 2 ) x is indeed x c =s0.3, then only 
the extracted bond probabilities for Sb—Sb with x >0.3 
are reliable in Fig. 4(a) (see Appendix A), In either case, 
it appears that Sb—Sb bonds do occur with non- 
negligible probabilities (5-7 %) for compositions x .near 
0.5. 

Further EXAFS measurements of the Sb edge would 
clarify this issue by directly revealing the number of 
Sb—Sb bonds. It would be desirable if these measure¬ 
ments were made on samples for which x-ray diffraction 
data exist, of the quality of Fig. 1, e.g., the single-crystal 
samples of (GaSb)|_ x (Ge 3 ) x grown on GaAs. 

Thus the phase-transition model, evaluated in a 
mean-field approximation, provides a rather satisfactory 
description of the long-wavelength properties of 
(GaA.,)|_ x (Gej) x and (GaSb),_ x (Ge 2 ) x . As expected, 
the mean-field approximation does not provide a satis¬ 
factory quantitative description of short-wavele..gth 
atomic correlations, as determined by EXAFS; and a 
theory that correctly predicts that number of "wrong" 
anion-anion bonds is needed. 
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APPENDIX 

Here we derive the formulas used in extracting bond 
probabilities from the EXAFS data. 10 

Denote the probabilities ‘.hat atoms / ar.d j occupy 
cation or anion sites to be P and P a . respectively, wher 
i,j take on the values Ga, ue, and Sb. Similar*) - , let P„ 






EFt.ECTS OF A ZINC-BLENDE " .MOND ORDER-DISORDER ..: 661 


be the oriented-pair probability that an atom i on a cat¬ 
ion site is bonded to an atom j on an anion site. Note, 
P)j=PfPj+Yij, where y, y - is the difference between a 
mean-field theory (Ytj — 0) and a correlated theory 
(yij^ 0). 31 The oriented-pair,.probability P tj is different 
than the probability Py of forming a bond between 
atoms i and j: 

Pij=Pij+Pji if'W 

=Pij if i =j . (Al) 

In mean-field theory we find 

^Ga—Sb = ((*-*> 2 +M 2 ]/2 for a: <a: f 

= (l-x) 2 /2 for x >x c , 

^G.-G«=^Sb-G e =*n-X) , ! 

— ~ (A2) 

^Sb—Sb= ^Ga-Ga = [(!-*) -M]/ 4 for* <X f 

=(l-.x) 2 /4 for x >x e , 
and 

Pcc-C'=*' • 

Now, assuming that all sites are occupied (there are i.o 
vacancies), we have the following relationship between 
the oiiented-pair probabilities and the on-site probabili¬ 
ties: 

2P,i=Pf (A3) 

i 

and 

2 p U m Pf> (A4) 

i 

where 

2Pf a 2 p f mi - <A5) 

( i 

Similarly, the bond probabilities obey the normalization 
rule: 


Pgc-Oz + P Ga-Sb + P Ga—Ge + ^Sb—Sb + ^Sb-Ge 

+ Pcc--Gt — l • (A6) 

The normalizations for the oriented-pair probabilities are 
thus more restrictive than those for the bond probabili¬ 
ties: Three probabilities enter Eqs. (A2) and (A3), versus 
six in Eq. (A5). 

The EXAFS measurements 1 ” determine the numbers 
of Sb neighbors of Ga and Ge, which we denote here as 
the functions A(x) and B(x). respectively. These func¬ 
tions are related to the bond probabilities by 


A (x)=4F 0a _ Sb /(l-x) 

(A7) 

and 


B(x)=4P Sb _ Ce /2x . 

(A8) 


Since zinc-blende-lattice spots were not observed in x- 
ra\ diffraction 10 (with the exception of a sample with 
x =0.) that was not analyzed using EXAFS), we as¬ 
sume tor the moment, that all samples were in the dia¬ 
mond t .'•■•$e. This implies then that 

Pij = Pji (x >x c ), (A9) 

allowing us to extract both oriented-pair probabilities as 
well as pair probabilities from the EXAFS measure¬ 
ments: 

P G»— Sb Ga—Sb~2f > sb— g» = U — .x)-4(x)/4 , (A10) 
^Ge-Sb=2/ > Ge _sb = 2? sb _ Ge =x5(.x)/2 , (All) 

and, using Eq. (A3), 

Fsb-Sb = ^Sb-Sb = ( 1 ~X)/2-P Gl _Sb ~ P Ge-Sb • 

(A 12) 

These extracted probabilities are plotted in Fig. 4 along 
with the results from mean-field theory, Eqs. (A2). Note 
that F sb _sb is decidedly nonzero and that all the ex¬ 
tracted bond probabilities are of the same order of mag¬ 
nitude as the mean-field results. 
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The energy-band structure of InN is predicted using the pseudofunction method (a fust- 
principles, self-consistent local-density scheme). Some significant differences exist between this elec¬ 
tronic structure and extrapolated empirical tight-binding theory for InN. 


I, INTRODUCTION 

InN has recently been observed to have both a high 
mobility (4X10 3 cm 2 /V sec, Ref. 1) and a band gap in the 
visible region 2 (orange, about 2 eV), leading to the sugges¬ 
tion that In,_^Ga^N alloys may be fabricated into detec¬ 
tors, lasers, and light emitters in the visible and ultravio¬ 
let portion of the electromagnetic spectrum. 3,4 While the 
band gap of GaN lies in the ultraviolet region and its 
energy-band structure has been thoroughly studied, 5,6 the 
band structure of InN is not well understood—having 
been investigated only recently, with conflicting re¬ 
sults. 1,2,7,8 

Calculations of the InN band structure based on 
empirical pseudopotential theory 1,2 have produced a fun¬ 
damental band gap that, by construction, equals the ob¬ 
served value of 2 eV. To our knowledge, the only elec¬ 
tronic structure theory for InN with any proven ability to 
actually predict the b;(nd gap isjin extrapolated empirical 
tight binding tl’~n;y 1 T ig!n-otnding parameters deter¬ 
mined by fitting the known band gaps of other III-V 
semiconductors have been used to extrapolate the corre¬ 
sponding parameters for InN and to successfully predict 
its 2-eV band gap. Tight-binding theor\ while predicting 
a good band gap, produces valence bands that are quite 
narrow in comparison with the valence bands of empiri¬ 
cal pseudopotential theory. These conflicting features of 
the published band structures suggest that more theoreti¬ 
cal and experimental work on InN is needed; Thus a 
genuine first-principles theory of the band structure of 
InN is called for. 

In this paper we present the band structure of Ir.N, as 
calculated using the pseudofunction method"— r first- 
principles, self-consistent scheme based on the local- 
density approximation. Our results differ in detad both 
from previous empirical pseudo-potential theory and 
from tight-binding theory, 7 and indicate the . r^ed for 
measurements such as photoemission to resolve ■emain- 
ing controversies concerning the electronic stru.'ture of 
InN. 
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II. METHOD 

We employ the pseud ^function method, which is a 
scheme for solving the one-electron Schrddinger equation 
self-consistently in a local-density approximation. Ex¬ 
change and correlation are simulated by the Hedin- 
Lundquist potential. 10 Unlike many implementations of 
local-density theory, the pseudofunction method uses a 
real-space scheme for describing local bending and is 
especially well suited for study ing non-free-electron sys¬ 
tems. For low-atomic-number atoms such as N, it should 
be more rapidly convergent than schemes that rely on the 
plane-wave character of the solid-state wave functions be¬ 
cause this character generally results from the ortho¬ 
gonality of the wave functions to many core wave 
functions—and the low-atomic-number atoms have too 
few core states to effectively produce the free-electron 
character necessary for rapid convergence in k space. 11 

The pseudofunction method has elements in common 
with the linearized muffin-tin orbital (LMTO) method 12 
and the extended muffin-tin orbital (EMTO 1 scheme, 13 
and can be regarded as a local-demity-approximation 
scheme involving a more general basis set than either the 
LMTO or EMTO ba-.es. As such, it is. at least in princi¬ 
ple, an improvement over those implementations of 
local-density theory. In princi, .e. the LMTO method is 
an improvement of the LMTO method, because it in¬ 
volves a more extensive b..sis set. Similarly the imple¬ 
ment of the pseudofunction scheme over the EMTO 
method lies in tiie fact that its basis orbitals have not 
been subjected to muffin-tin boundary conditions (ihe ra¬ 
dial logarithmic derivatives of localized muffin-tin orbit¬ 
als are, by construction, always negative at the muffin-tin 
radius). 

The pseudofunctioi. method produces (as expected) 
rather good electron energy bands and bond lengths — 
results comparable with those of the best local-density 
methods. Fcr example, the pseudofunction valence 
bands of bulk Si agree with those computed using the 
linearized augmented-plane-wavc iLAPW) scheme 14 to 
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within typically a few tenths of an eV. The computed 
Si—Si bond length is 2.34 A at low temperature, in excel¬ 
lent agreement with the data. The bulk electronic struc¬ 
ture of AIN (a material similar to J n N) predicted by the 
pseudofunction method agrees with photoemission 
data. 15 The Sid ll)2x 1 surface states of pseudofunction 
theory"’ also agree with those obtained using a norm- 
conserving pseudopotential. 17 Pseudofunction calcula¬ 
tions for a potassium overlayer on the Si(001)2x 1 surface 
found a bond length of 3.3 A, 18 compared with the exper¬ 
imental value of 3.14±0.1 A (Ref. 19) and the value 2.59 
A obtained using a norm-conserving pseudopotential 
scheme. 20 Moreover, the pseudofunction method has 
been shown to work well even for problems involving ad¬ 
sorbates of atoms such as C and 0, :i which occupy the 
same row of the Periodic Table as N. The method is also 
computationally fast compared with most others, and has 
been used to-vC...:pute some very complicated electronic 
structures (using local-density theory): for example, the 
electronic structure of solids such as pyrochlore, with 22 
atoms per unit cell. 2 ’ Details of the method are available 
in the literature. 9 

Ill, RESULTS 

Our predicted band structure is given in Fig. 1, and 
should be compared with tight-binding theory 7 (Fig. 2). 
An empirical pseudopotential band structure of InN has 
also been reported, 1,2 but will not be treated here because, 
as discussed previously, 4,25 the tight-binding theory is 
definitely superior. Our calculations assume the wurtzite 
crystal structure. 24 

The major qualitative features of our bands are similar 
to those of tight-binding theory; there are only a few 
significant quantitative differences, (i) We find small 
splittings at the zone center that are absent from tight- 
binding theory due to the fact that we used the observed 



FIG. 1. Predicted band structure of wurtzite InN using the 
pseudofunction method. The symmetry points of the Brillouin 
zone are A =(2a-/c)(0,0,l/2), L =(2a-/a)( 1/v-'3.0,<j/2c. 1 , 
M =(2;r/a)( l/v'l.O.O), r=(0,0,0l, =»2s-/aKl A 3,1/3, 

a /2c), and K =(2 -/a)( I /V\ \ /3,0). 



FIG. 2. Predicted band structure of wurtzite InN using she 
tight-binding method, after Ref. 7. 


lattice constants c and a which have c/o =1.6114, 
whereas the empirical tight-binding theory assumed an 
ideal c/a ratio of U) |/2 = 1.6330. (ii) We find a direct 
fundamental band gap of 1.3 eV, compared with the 2-eV 
result of tight-binding theory 7 and experiment. 2 This is a 
well-known limitation of local-density theory: it pro¬ 
duces gaps that are too small 25 —a problem that can be 
circumvented, but only with great difficulty. 2 ' 1 (iiii Our 
upper valence-band width is considerably wider than the 
tight-binding width: 6.8 eV versus 3.5 eV. Here there i. 
no unambiguous theoretical criterion determining which 
theory is better: practitioners of both local-density 
theory and empirical tight-binding theory would each ar¬ 
gue that their preferred type of theory is more likely to 
produce realistic electronic structures. In the case of 
AIN, the local-density 15,27 and tight-binding 28 theories 
gave bandw-idths comparable with each other and with 
data. 27,20 This makes the discrepancy between the 
theories for InN particularly interesting. The issue of the 
correct valence-band width must be determined experi¬ 
mentally. Nevertheless, we suspect that the tight-binding 
bands are narrower than the local-density bands because 
the off-diagonal tight-binding matrix elements may be un¬ 
duly small. These matrix elements are extrapolated from 
the corresponding matrix elements of other zinc-blende 
semiconductors, assuming that they scale inversely as the 
square of the bond length. Harrison's rule. 50 However, 
Harrison's rule is best applied to interpolate rather than 
extrapolate: it is known to be crude; and extrapolations 
based on it may not be trustworthy, especially for InN, 
with its large-radius cation and small anion, tiv) The 
valence-band effective masses are 1.6 and 1.7 free- 
electron masses (in the directions perpendicular to and 
parallel to the c axis, respectively) in the present model, 
compared with 2.7 and 2.7 for light-b’. iding theory. The 
corresponding conduction-band masses are 0.34 and 0.37 
for the present work .,nd 0.59 and 0.59 for tight-binding 
theory. The tight-binding masses are heavier by about 
7097, reflecting the flatter bands. This is just another 
manifestation of the (likely* flat-band p-oblem of the 
tight-binding theory. Assuming these masses and a static 
dielectric constant of S.3, 51 we obtain shallow donor and 
acceptor binding energies' 2 of 0.067 and 0.316 eV in a hy- 
drogenic (Rydberg effective-mass) model «\-.*r.us 0.1 IS 
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arid-0:533 eV in tight-binding theory— which often ob¬ 
tains masses 100% ii. error). The obsened binding ener¬ 
gies of neutral substitutional donors and acceptors in InN 
are -0.05 eV (Ref. 33) and —0.20 eV, 4 --' 4 respectively— 
generally consistent with either theory, but generally 
more supportive of the present local-density theory. 

IV. SUMMARY 

A major difference between the tight-binding and pseu¬ 
dofunction band structures is the width of the upper 
valence band, which is large in local-density theory but 


small in tight-binding theory. Which, if either, theory is 
correct can be determined by photoemission experiments. 
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ABSTRACT 

The physics of deep levels Is reviewed, with ennhasls on the nnalltatlve 
physics that has been elucidated as a result of the Ideas of Lannon, Lenglart, 
Hjalmarson, Vogl, Wolford, Hsu, Sankev, Allen, and others. 


INTRODUCTION 

In thts paper we outline the physics of deep Impurity levels In 
semiconductors, and show chat the simple Hjalmarson et al. model of deep 
levels (l| can quantitatively predict the wavjfunctlons of substitutional 
sp^-bonded deep impurities and explore Che chemical trends of deep levels; We 
show chat Che Hjalmarson theory, when compared with data, (l) can determine 
the sice (anion or cation) and symmetry (s-llke Aj or p-like To) of a defect, 
(ll) can eliminate typically 8051 or more of the candidates for forming that 
defect, (111) can successfully predict how che/energy of the deep level varies 
from one Impurity to another and from one hpsc to another, and (iv) can 
predict unexpected phenomena caused by the doiip level. We point out that It Is 
very difficult to guess from theory and measured energy levels alone If the 
defects responsible for the observed levels ^ie point defects or complexes. We 
emphasise that all of the best contemporary' theories of deep levels arc 
uncertain by a few tenths of an eV, and therefore It Is not practical to 
determine which Impurity Is causing a given level b;i aligning-the theoretical 
and experimental levels; In our opinion this theoretical uncertainty Is not 
likely to he greatly reduced soon. Finally we show that the main differences 
between the Hjalmarson theory and various other theories |2,1| are (1) how the 
host hand gaps are determined and (ll) computational costs; The Hjalmarson 
theory Is based on the Vogl et al, empirical tight-binding Hamiltonian (M, 
and so fits the hand gaps to data, while self-consistent paeudoootentlal and 
ocher theories calculate the host hand gaps a priori , and then perform some 
adjustment. As a result, the self-consistent pseudopocenttal theories require 
orders of magnitude more computational effort to obtain comparably accurate 
deep levels; hut these theories can predict total energies better chan the 
Hjalmarson theory. Therefore, to understand the physics of deep levels, 
especially for complex defects, the simple Hjalmarson theory Is preferable; 
while the self>.:onsistenc pseudopotential theories are better* equipped to 
handle questions related to the.-total energies of defects, such as diffusion. 

To begin the discussion of deep levels, we first make two Important (and 
apparently self-contradictory) points: (1) Host doep levels are not deep; and 
(ll) Most deep Impurity vavefnnctlons do not depend much on the Impurity. 


MOST DEEP LEVELS ARE NOT DEEP 

Several years ago the definition of a deep level was based on Its energy: 
a level In the fundamental hand gap more chan 0,1 eV distant from the nearest 
host band edge. In our discussions, we follow Hjalmarson (ll and use the term 
"deep" to describe localization: a level that Is produced by the central-cell 
potential of the defect. Therefore, a "deep level" can lie above Che 
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Fig. (1|. Illustrating the difference between shallow and deep 
Inpurities. Note that both have deep levels, but that these levels He outside 
the gap for shallow inpurities. 


r ig. (2|. Xj and Tj hand edges, S 
shallow level,- and K and 0 deep levels 
versus alloy conpnsition x in 
fbiASi P , as determined in Ref. 151. 
after (23). 
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enedaccloh band edge. and not be “deep" by 'he old definition- Scaced 
prec£«el«, wt defect that are “dees” b» the not localization 
definition are ant In the band gap. and w have “negative binding -energies" 
and are not "deep" by the energy criterion. 

An essential point Is that every heterovalent substitutional so -bonded 
defect aost have both deep levels (due to the central-cell potential) and 
shallow-levels (due to the Jong-ranged Coulonb potential associated with the 
val*nce difference Z: -le'/cr). I'aay readers will he astounded to, learn that 
co mm on shallow Impurities, such as S on a ? sice in Ca? have enormous 
central-cell defect potentials, = -5 eV-deep, and yet these potentials appear 
to produce effects on only the 10 ooeV scale of typical shallow donor levels. 
(A good order of magnitude estlsace of Che central-cell potential Is given bv 
the difference In the acoalc energies of S and ? f4].) Clearly these large 
potentials must have effects on the eV scale — and they do: the local sp’ 
bonding of the inpurlcv Is perturbed b» che defect, producing different 
energies for che four tetrahedral bonds, naaely four deep levels near the 
fundamental hand gap. Three are p-li'<e (of T» symmetry and degenerate In a 
cecrahedral environment! and one is s-llke (Aj symmetry). These deep levels 
due to the central-cell potential always exist near the fundamental hand gap 
In addition to any shallow levels. (See'Fig. (I).-.) 

If one or more of these deep levels falls well within the fundamental 
hand gap, then the Impurity Is termed a "dees impurity’' and the level Is 
"deep"'by the energy definition (Fig. fl}). If none of these deep levels of a 
heterovalent Impurity lies within the gap, the Impurity Is termed a "shallow 
impurity" because only Its shallow levels are In the gap. However, the deep 
levels still exist, although thev are resonant with and broadened by the host 
hands (Fig. (U). *br most semiconductors, which have small (=! eV) band gnus 
on the =20 eV scale over which the spectral strength of che sp 3 bom! is 
distributed, che majority of defects produce more rcsonanc deep levels than 
deep levels In the gap. Thus nose deep levels (by the localization definition) 
are not deep energetically. 

Evidence supporting this picture is provided by the work of -Wolford et 
al. [51 and Hsu et al. {61 on f!, 0, and S impurities on a ?-site in GaASj_ x P x 
alloys (Fig. (2)). In fia=, the X impurity produce a level energetically 
shallower chan the shallow level of S. As a function of decreasing alloy 
composition x, however, the H level becomes deep and behaves like the deep 0 
level, hut noc like che shallow S level. In fact, the S level becomes 
energetically deep for x=n.S, only to enter the conduction hand foe x=!),2. 
This behavior led Wolford et al. to conclude chat S Is in fact a deep level In 
a localization sense for all x, but lies outside the fundamental hand gap, 
above the conduction hand edge in fiaAs. 

Further confirmation of this picture has been supplied for ? in Sl x "C|_ x 
allovs, where Hunker et al. f7,R] have provided cxnerlnental evidence chac the 
deep level associated with ? descends Inco the fundamental band gap near 
x=0.lo. (Sec Fig. {3}.) 


WAVKFIINCTIONS INflKPESIlEST 0 ■ IMPURITY 

A rather surprising feature of nanv deen level wavefuncclons Is chac for 
Impurities at the same site (anion or cation) with che same svmmecrv In the 
same semiconductor, most defects with deep levels In the gap produce virtually 
-the same deep level wavefunctlon. This is demonstrated In Fig. (Al, where the 
Aj-symmetrlc wavefuncclons of S, Se, and Te deep levels In SI, as determined 
hy magnetic resonance (9) and by theory (in) are plotted versus che associated 
deep level energy F. In the gan. The data alone show that 'he central-cell 
wavefuncclons of S, Se, and To are virtually the sane; and the theory shows 
that the central-cell and first-neighbor wavefuncclons are In agreement with 
the daca and almost independent of either che deep level energy or che defect. 
Thus che deep-level wavefuncclons arc host-like, noc Impurity-like (1). 






Fig. (3). Energies versus alloy composition x in Si ite. of (a) the 
conduction hand edge, (b) the shallow ? level, (c) the deep P level predicted 
in Ref. [R], and (d) the deep P level- as determined bv x-rav absorption 
measurements of (7], after (7). Note that the deen level descends into the-gap 
for x*0.15. 



r ig. (41. ij-.symsietric wave functions at the central-site 3 and at the 
fIrst-nclghhor shell for substitutional defects -In Si, compared with data, 
after [10). 
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Fig. (5). Schematic vavefuhctlons of GaP and a N impurity on the P site 
in fiaP, after (231. 
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r ig. (fi). Schematic energy level diagram for GaP and for a N defect in 
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The■host-like character of rfeen-level wavefunctions- could have been 
deduced from Che- experimental fact that Impurities with atomic- energies 
different bv eV all produce deep levels In-.the gap that differ, bv an order of 
magnitude less, =0il eV. Clearly Che deep levels In che- gap are not 
Inpuricy^like. 

A schematic Illustration of the physics of deep levels, for che case of X 
on a P site in GaP, Is given in Figs. {51 and (6). X- Is more electronegative 
than P. and so attracts more electronic charge Co Its bonding level (Fig. (51), 
causing the antlhonding level, bv orthogonality, to have verv little charge on 
the' X-slce and a host-llke Ga-llke vavefuncclon. In terms of energy levels 
(Fig. {6}), che host Ga and P atomic levels exhibit a bondlng-anclbondlng 
SDlfttlng of order v‘/(ej. a -Cp), where v Is a Ga-P transfer matrix element. .V 
coupled Co surrounding Ga'exhibits a smaller hondlng-antlhonding splitting, 
v/fcg -e»j), because the energy denominator Is *7 eV larger (v Is almost the 
same for" Ga-X and Ga-P [1111. The x-nke level Is the bonding "hyperdeeo" 
level chat lies below the valence band, Is electrically Inactive, and Is not 
observed. The deep level In the gap is host-like (Ga-like) and anclhondlng in 
character. If we change the defect from ? (V»0) to S (V* -5 eV) to N' 
(V* -7 eV) to 0 (V* -15 eV) to a vacancy (V* -*►1(21), the deep level does not 
change Its energy much (although che hvperdeep level does). As a result, a 
plot of deep level energy E versus crntral-cell defect strength V (or versus 
imnuricy atomic energy) looks like a parabola with che asympcoce being che Ga 
dangling bond energy or pinning energy of HJalmarson (11. (See Fig. (7).) 

For different sites (anion or cation) and symmetries (Aj or To) the 
asymptotes lie at different energies, hut several different Impurities when on 
the same site all pcoduce deep levels of a given symmetry within a few tenths 
of an eV of che pinning energy. Since the theoretical accuracy is also a few 
tenths of an eV, theory can determine the site ind symmetry an observed 
level, and can eliminate from consideration those impurities that lie more 
than 0.5 eV from the observed level, hut It cannot definitively assign a level 
Co a- specific Inpurltv, Such an approach Identified oxygen and che antlslte 
defect As R( 1 as candidates for the defect F.12 (12), Moreover, because of the 
host-llke nature of deep level wavefunctlons, most electronic probes cannot he 
of much assistance In defect Identification -- probes that couple to the 
nucleus, such as E-iDOR (9|, or to che core electrons, sucl as EXAFS (.1-31, are 
needed for unambiguous Identification of defects. 


COMPLEXES OF DEFECTS 

An Interesting and very useful feature of che theory of doen levels as 
annlled to defect complexes Is that the lev 1 ’, spectrum of a complex Is very 
nearly the sum of che spectra of che complex's constituents. This rule of 
thumb obtained by Sankev IlM Is pot rigorous but Is sufficiently valid that 
In many cases (l) it Is virtually impossible to determine from energy levels 
alone whether che responsible defects are Isolated or complexed, and (it) when 
crying to Identify defects responsible for specific deep levels l: is often an 
adequate approximation to consider only point defects, while recalling thac 
che point defects so Identified might he complexed. 

To see why complexing does not alter deep levels much, consider two 
nearest-neighbor sp 3 -bonded Impurities and their deep levels. The resulting 
"diatomic molecule" (Fig. (81) will have (l) the o-llke (a ( ) states formed 
from the s-Uke (A,) states of che Individual "atoms" and from the p-like (To) 
states polarized along the spine of che molecule; and (U"> che n-llke 
(e-symmetrlc) states derived from the To levels that are polarized 
perpendicular to the spine of che molecule. The"x-lle states do not "feel" the 
spine of the molecule and so have energies virtually Identical to chose of the 
conscltut»oc dereccs. The c-like scaces (to a good approximation) occur at 
energies c’.ac Interlace Che Aj and To levels of the constltucent defects. 
Because these levels are often within several tenths of an eV of one another. 









Aj Si II 



-50 -40 -30 -20 -10 0 10 20 


Defect Potential ( eV ) 

Fig. (7). Devil energy levels predicted In (11 versus defect potential for 
tlie Impurtles at the ton of the figure for Aj-syimretclc deep levels of 
substitutional defects on,the P-slte of CsP, Note that the curve approaches an 
asymptote. 
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Fig. (R), Illustrating how’ a surface defect level determines the Fermi 
level and leads to hand-hending and Schotthv harrier formation at a 
semlconductor/metal contact, as discussed hy Bardeen [171. 
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the resulting o-like level structure will he similar to that of the 
constituent defects to within a few tenths of .in eV. 


SCHOTTKY BARRIERS 

These Ideas about conplexing are especially useful for discussing 
Schottky barrier formation due to native defects In semiconductors, because 
they greatly reduce the number of native defects that must be considered. A 
defect at a semiconductor surface will have four deep levels. Near the 
fundamental band gap the p-like T 2 levels-will not he degenerate, but will he 
split by the reduced symmetry of Che surface. The surface-induced shift of the 
hulk Aj level and splitting of Che T 2 level will he of order 0.5 eV, and can 
cause a- resonant level to descend into the gap. Thus an impurity that Is 
shallow in the bulk may he deep at the surface, with levels In the gap. 

In general, surface defect deep level spectra may be several tenths of an 
eV different from bulk deep levels of the same Impurity. They will be similar 
to the spectra of hulk deCeet-vacancv pairs,; however (because Che surface Is 
effectively a sheet of "vacancies": an Impurity at a surface Is surrounded by 
three host atoms and one "vacancv," with the other "vacancies" more distant). 
In anv case, Allen (151 has .extended the Ideas of H.lalraarson, Vogl, and: Sankey 
to treat deep levels of surface defects, following pioneering work by Daw, 
.Smith, Swarts, and Mefilll (16). 

Bardeen 117) and Spicer [181 recognized (l) chat the lowest empty deep 
level of a neutral surface defect is effectively Che Fermi energy for 
electrons at the surface, and (ll) that, in electronic equilibrium, the Fermi 
energies of the hulk semiconductor, hulk metal, and semiconductor surface must 
all align fnr a xemlconductnr/metal concact. As a result the hands bend, 
forming a Schottky harrier, In order to accommodate this alignment. The 
Schottky barrier height Is the energv of the conduction hand edge with respect 
to the lowest empty surface deep level (Fife. (9)). 

In Fig. (10) we show the resulting predictions of Schottky harrier height 
versus allov composition for III—V semiconductor allovs, assuming that the 
surface defect rosponsl*ie for Schottky barrier formation la the cation on 
anion-site native antlslte defect 119). The agreement with the data is hett«r 
than the accuracy of the theory. 

This theory not only explains Schottky barrier formation'In III—V alloys, 
It also explains the apparent dependence of barrier heigh: on metal reactivity 
[20,21), the Schottky barriers formed when transition metals are deposited on 
Si (22), Re, and diamond, and numerous once-rur.zltng features of the Schottky 
barrier rata (20). 


THE THEORY 

The theory of deep levels (1) is a one-electron theory, for a host 
Hamiltonian operator Hq with a defect perturbation operator V, Tne secular 
eouatlon Is 


det (1 - <E-H n r* V) - 0 

( 1 ) 


or 


det (I - !iV (E-F.')' 1 «<E'-.„,)V1 • 0 


( 2 ) 


All current theories solve such an equation for the deep 


level E. Different 
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Fi*. («j. Illustrating the n~ltke and o-ltke orbitals of a complex of 
neighboring defects. 
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Fig. (|0!. Predicted Schottky barrier heights versus alloy composition 
1211 IIl " V 8lloys * compared with data involving Au contacts, after (19) and 
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theories crest the spectral densltv- operator H n > and the defect potential 
operator V differently, the sign .nf the contribution nf the spectral density 
to the Integral in Eq. (2) is different If S' is in the conduction band or 
valence hand: the conduction band states push the deep level down and the 
valence hand states repel It upward — the balance between these opposing 
forces determines E. For a theory of deep levels to he successful this balance 
must he correct. All theortes represent valence hand states well;, thus the 
Issue ‘Is the position of the host hand gap and spectral distribution of the 
host conduction hand states, Hjalmarson solved this prohlem hy using the 
empirical tlghlnblnding model of Vogl et al. |4).for H n . This model, hy 
construction, has the correct band gap and a spectral distribution that gives 
good deep levels, local-density theories calculate the hand gap, invariably 
find it to be in error by typically SOX, and then adjust either the gap or the 
pseudopotential In an ad hoc manner. The resulting theortes have comparable 
validity to the Hjalmarson theorv for deep level spectra, but if the 
pseudopotenelal theory is based on a local density approximation, It should 
have superloc predictions for total energies. Thus, when we compute deep level 
spectra, especially for complex defects, we use ^he Hjalmarson theory; hut for 
diffusion and total energy calculations we recommend a local density approach. 

The Hjalmarson theory is easy to evaluate, and pedagogical discussions of 
how to do ao are avallahle (23), 


We nre grateful to the Office of Naval Research for their continuing 
support (Contract No. NOOO|4-84-K-0352) and to our manv cnllengues who have 
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We review a theory of Schottky barriers that explains the following experimental findings: 
(i) observed barrier heights and Fermi-level pinning positions for GaAs. InP. GaSb. AlAs, GaP, 
InAs. and other ill-V semiconductors: (ii) switching of the observed barrier heights and Fermi- 
level pinning positions for lll-V semiconductors as a function of surface treatment or reactivity 
of the metal; (iii) alloy dependence of Schottky barrier heights for the ternaries AI,.,Ga,As. 
GaASi-^P,, Ga|.,ln,P, lnP|_,A$,. and Ini-,Ga,As; (iv) different slopes d£/d.v for different 
metal contacts to AIGaAs, and an apparent cusp in the slope for Al contacts as a function of 
alloy composition; (v) observed Schottky barriers for a wide variety of Si/transition-metal-silicide 
interfaces; (vi) observed barriers for Ge, diamond, and amorphous'Si:.(vii) observation that 
Fermi-level pinning for p-GaAs disappears at the annealing temperature of the antisite defect 
Asoj. The theory provides a microscopic realization of the phenomenological defect model of 
Spicer, Lindau and coworkers. We find that most Schottky barriers are explained by dangling 
bonds - intrinsic dangling bonds for group IV semiconductors and antisite (as well as intrinsic) 
dangling bonds for III—V semiconductors. Ohmic contacts are explained in (he present picture 
by shallow levels, which are also predicted by the theory. 


Ohm’s law usually fails to hold at a semiconductor/metal interface. In¬ 
stead, the current density J is observed to depend exponentially on the ap¬ 
plied voltage V. Observations of this phenomenon extend back more than a 
century, but the underlying microscopic causes are still controversial. Pro¬ 
posed theoretical interpretations include the following: 

(1) Schottky’s original model, in which'equilibration of chemical potentials 
of semiconductor and metal requires charge transfer, resulting in an electro- 
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static dipole layer at the interface and a barrier to the motion of electrons. 

(2) Bardeen's Fermi-level pinning model [1] in which "surface states" of 
some kind result in a barrier that is nearly independent of the metal for a given 
semiconductor. Fermi-level pinning can be produced by intrinsic sur¬ 
face states, metal-induced gap states-[2], and extrinsic states associated with 
various kinds of defects. (One expects, of course, that the '-;.rrier height will 
vary with the metal in the case of metal-induced gap states or metal-atom impur¬ 
ity states.) 

(3) The defect model of Spicer. Lindau and coworkers (3-5). in which the 
Fermi-level pinning is produced by native defects of some kind, associated 
with missing anion or cation atoms in III—V semiconductors. 

Here we review a theory of Schottky barriers and Ohmic contacts that is 
based on Ferrrii-leve! pinning and the defect model, in which observed barrier 
heights and Fermi-level pinning positions are assigned to particular defects 
[6—15]. 

The electron Schottky barrier height is the difference between the conduc¬ 
tion band edge and the Fermi energy at the semiconductor surface: 

K = El - £ji. 

Within the context of the defect model, therefore, a microscopic theory of 
Schottky barriers is a theory of the relevant defect levels that "pin" the Fermi 
energy at the surface. For a sufficiently high concentration of defects, the sur¬ 
face Fermi energy will lie near the lowest acceptor level for an n-type semi¬ 
conductor, or the highest donor level for a p-type semiconductor. (Further 
discussion is given in. e.g.. refs. [6-14].) 

In fig. 1, we show our calculated results for the defect levels associated with 
antisite defects and vacancies at the (110) surfaces of nine III—V semiconduc¬ 
tors. Many of these levels have been previously reported [6-14], They were 
calculated using the same scheme applied to bulk defects by Vogt. Hjalmar- 
son and Dow [16,17], employing the measured surface relaxation [18,19]. In 
the following, we will compare the theoretical results of fig. J with the avail¬ 
able observations for Schottky barriers, Fermi-level pinning, and Ohmic con¬ 
tacts on III—V semiconductors. 

It should be emphasized that a.variety of arguments is used in making our 
microscopic assignments of the defects responsible. For example, in the case 
of III—V semiconductors, we regard antisite defects as ordinarily more likely 
than vacancies for reasons that have been given elsewhere [6]. Also, as men¬ 
tioned below, the variation in barrier height with alloy composition x can act 
as a signature of the detect type. Various experiments provide other valuable 
information concerning the identity of the defects; one example is the obser¬ 
vation of an annealing temperature for the Fermi-level pinning on p-GaAs 
[21], mentioned below. In short! ourassignments arc based on qualitative ar¬ 
guments, chemical trends, and experimental information o! various kinds, in 







378 R-E. Alletvet al. / Theory. of-Schottky barriers and Ohmic contacts- 



XnP InAs InSb 



GoP GaAs GaSb 



AIP A!As AlSb 

Fig. 1. Deep levels calculated for antisitc defects and vacancies at C1 It') surfaces of III—V 
semiconductors. As indicated for GaAs. the levels are. left to right, for snion-on-cation-site, 
cation-on-antor-site. cation vacancy, and anion vacancy. The occupancy of the levels for the neu¬ 
tral charge state is shown: a full circle indicates the level contains (wo electrons (spin up and 
down), a half-full circle one electron, and an open circle no electrons. (Charge-state splittings 
are neglected.) For the In-V materials at the top. several resonances above the conduction band 
edge are also shown. £ v anu E c are the valence and conduction band edges. Some of these 
levels have been previously reported [6-14], 
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addition to detailed calculations of the defect levels. 

Fig. 2 shows the experimental levels for Ge oh GaAs(llO) obtained by 
Monch and Gant [20-22]. which are approximately the same as those ob¬ 
tained by Spicer. Lindau and coworkers for various metals and oxygen on the 
same surface [3-5]. It appears that the acceptor level for the "cleavage-re¬ 
lated” defect, and the acceptor and donor levels for the "chemisorption-re¬ 
lated” defect, are quite satisfactorily explained by the corresponding levels for 
the antisite defects, Ga As and As 0a . The theoretical acceptor levels for both 
defects are associated with dangling bond orbitals - antisite Ga and As-dangl¬ 
ing bonds. The donor level is derived from a bulk As Ga donor level, only 
shifted in energy somewhat at the surface. 

Fig. 3 provides a similar comparison for n-type InP [26], In this case, we 
again invoke antisite In or P dangling bonds to explain the experimental data 
-for the noble metals, but intrinsic Ga dangling bonds (associated with a P va¬ 
cancy) to explain the data for the more reactive metals. Various surface treat¬ 
ments are also interpreted as producing intrinsic Ga dangling bonds, or pos¬ 
sibly surface impurities. The shallow donor level for V P is explained by the 
"deep resonance" for this defect in fig. 1: Two electrons that would lie in this 
conduction band resonance spill out into the conduction band. These elec¬ 
trons are then bound to the doubly-charged defect site in shallow donor 
states. =0.1 eV below the conduction band edge. According to ref. [23] how¬ 
ever, reactive metals can also produce the deeper Fermi energy =0.5 eV 
below the conduction band edge. 

In fig. 4, we compare the experimental Schottky barrier heights for Au 
contacts to various semiconducting alloys with the theoretical barrier heights 
predicted for antisite cation dangling bonds, (Recall that * £c ~ £f. 
where = defect level.) The agreement is more than satisfactory. 

In fig. 5, we compare experimental barrier heights for Al and In contacts to 
Al|_,Ga f As with the theoretical heights predicted for antisite cation and 
anion dangling bonds. (The surface Fermi energy £jl, inferred from = £ G 
- £p, is plotted.) There appears to be a switching of defects as the alloy com¬ 
position x is varied, with antisite cation dangling bonds providing a good de¬ 
scription of the data for small x (large slope in d£/dx) and antisite anion 
dangling bonds doing equally well for large x (small d£/cLc). The slope d£/dv 
thus appears to a*t as a signature of the defect type. 

Other experimental observations also support the defect model'and the 
present theory [3—5.20—33]. For example, fig. 6 shows further experimental 
evidence that the Schottky barriers for GuAs are associated with antisite 
defects: Monch and coworkers (21) find that the Fermi-level pinning position 
for Ge on GaAs(llO) anneals out at the annealing temperature of bulk As 0a . 
As mentioned above, the pinning position for Ge on GaAs(l 10) is essentially 
the same as that for various-metals ot' this surface. 

Other proposed mechanisms, such as metal-induced gap states [2.34-42] 
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'<h*nworpMn 'dnvoM As.- Ga., 

-rtUKtd- AS 

Fig- 2. Theoretical levels for surface antisite defects. As on Ga site f As^,) ami Ga on As site 
(Ga Al ). compared with experimental levels for "chemisorption-related" defects and "cleavage-re¬ 
lated" defects [5. 20]. Open circles indicate theoretical acceptor levels or experimental Fermi- 
level pinning positions on n-tvpe GaAs: solid circles indicate theoretical donor levels or experi¬ 
mental Fermi-level pinning positions on p-type GaAs. After refs. (6. 9]. 



r*a:tiv* non-r«o«iv» 

E _H-I-7-7-1- - 

- 2-1 0 ' 2 
Hoot of reaction—•» 

(•V/m«*ol atom} 

(a) experiment (b) theory 

Pinning levels for n-lnP 

Fig. 3. Theoretical levels for sur face amisite defects. In on P site ami P on In site Icoincidentally 
close in energy), compared with experimental F."~' i-beelpinning positions £p for the noble metals 
Cu. Ag. and Aa on n.-ivpe InP [26]. As can be ». • in fig. 1. a surface P vacancy (V,.) produces 
a shallow donor level tjir* ."in explain the quite o... 'tnt experimental Fermi-level pinning povi- 
tion for the reactive metals Ni. Fe. and Al (26). Surface ’reatments with O. Cl. S. and Sn also 
arc observed to produce Fermi-level pinning just beneath the conduction band edge |26|: such 
treatments may ptbducc surface vacancies (V,.) or surface impurities (So. Sn,„). Interms of Jangl¬ 
ing bonds, vve attribute £j! for me noble metals to amisite dangling bonds and £p for the more 
r v 2 Ctive metals to intrinsic dangimg.bonds. After refs. [8. 9|. 
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Fig. 4. Theoretical Schottkv harrier height for cation-on-anion antisitc defects (e.g. Ga A ,) com¬ 
pared with experimental Schonky barrier height for Ai» contacts to the alloys Ali-.Ga^As. 
GaASi.^P,. Ga._,In,P. InP,_,As,. and In,.,Ga f As. The sources of the experimental data (dots, 
fitted in ref. (21) by the dashed line), are died in ref. [10]. The agreement between theory and 
experiment, particularly on the right, is fortuitously good since the theory contains errors of sev¬ 
eral tenths of an eV. It is clear, however, that the theory does a quite satisfactory job of describ- 
ine the behavior of the measured Schottkv barrier as a function of allov composition. After ref. 
(»']• 
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AIAj AI,. x Go x Aj GaAs 

Fig. 5. Theoretical deep levels for cation-on-anion-site (C A ) and anion-on-cation-site (A r ) com¬ 
pared with experimental Fermi-level pinning position ( E f ) inferred from Schonky barrier mea¬ 
surements of Okamoto et al. [53]. Here E} is defined by $>3 = £j - £j1. where ipg is the measured 
Schottkv barrier height and £ c is the conduction band edge. There appears to be a switching of 
defects as a function of alloy composition, with anion-on-cation-site explaining the data for in 
and Al contacts to Ga-rich alloys and cation-on-anion-site explaining the data for Al-rich alloys. 
Notice that the slope ot the defect level as a function of the alloy composition .r is a signature 
of the defect type. This is an example of the fact that the present theory [6-14] provides a micro¬ 
scopic explanation of the observed chemical trends of the Schottkv barrier height. After ref. [14], 
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Fig. 6. Annealing ourof Fermi-level. pinning for Ge.on p-ivpe GaAs at the annealing tempera¬ 
ture of the As c , antisite defect. After ref. (21). ln.the present theory. As Gj is annealed out. but 
the acceptor level for Ga A> remains. The acceptor and donor levels previously found by Spicer et 
al. (3-5J are indicated by the open and solid circles on the left. 



Fig. 7. Surface energy El at a semiconductor/metal interface as a function of W - y. where H' 
is the metal's work function and y is the semiconductor's electron affinity. Notice that one defect 
of every 50 or even every 100 semiconductor surface atoms produces good Fermi-level pinning 
for a substantial range of metals. This figure is for n-type Si. with !0 17 buik donors/cm"' and room 
temperature. One surface acceptor and one surface u. ;■ ir level were assumed, as well as an 
interracial 'ransition region separating the metal and semiconductor of width d = 5 A and 
dielectric constant <y = 1. The present results ate appropriate to surface defects, whereas those 
of ref. (44) are appropriate to bulk defects. 
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have great difficulty explaining results like those of fig. 6. Metal-induced gap 
states cannot explain Fermi-level pinning at submonolaver coverages [3-5, 
20-23.26,31], or real world Schottky barriers with an oxide layer between the 
semiconductor and the metal. A more extensive case against metal-induced 
gap states as the mechanism for observed Schottky barriers is presented in ref. 
[12b]. 

We mention that the present theory assumed a concentration of relevant 
defects of the order of one defect per 100 surface atoms, in order for the 
Schottky barrier to be approximately the same for different metals; (A small¬ 
er defect concentration is required to explain Fermi-level pinning for sub¬ 
monolayer coverages [21].) In fig. 7, we illustrate that a 1/100 concentration 
can be quite sufficient for surface defects. (The calculations of fig. 7 are for £•, 
= 1 and d - 5 A, where e ; is the effective dielectric constant and d the effec¬ 
tive width of the dipole layer at the interface; the true values of these quan- 
titie* are unknown, of course, but we believe'.these are not unreasonable es¬ 
timates.) Similar results were obtained by Spicer et al. [43] and Bardeen [1]. 
On the other hand. Zuret al. [44] find that an order of magnitude higher con¬ 
centration is required for. bulk defects. The present theory' is, of course, based 
on dangling bonds at the surface. 

The results of figs. 1-6 arc for III—V semiconductors. In the case of group 
IV semiconductors [45-52] - Si, Ge, diamond, and amorphous Si - we inter- 



Fic. 8 .Theoretical intrinsic dangling bond levels lor Ge. Si. and C (diamond) compared with ex¬ 
perimental surface Fermi-k-.el portions inferred from Schottky barrier heights for Au contacts 
on these materials. Energies are measured relative to the va.ence band maximum £ v : the conduc¬ 
tion band minimum at the L or d point in the Brillouin zone is shown at the top. After ref. (12b). 
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pret the observed Schottky barriers in terms of intrinsic dangling bonds. Rep¬ 
resentative results are shown in fig. 8,.for Au contacts. We find the same ievel 
of agreement with the observed Schottky barrier heights for numerous Si/ 
transition-metal-siiicide interfaces [11], for W and Ni germanides interfaced 
with Ge and for Al and Ba on diamond [12a], and for various transition met¬ 
als on amorphous Si [13]. 

In summary, the present theory explains a wide.variety of experimental ob¬ 
servations for Schottky barriers, Fermi-level pinning, and Ohmic contacts. 
For III—V semiconductors, the primary pinning agents appear to be antisite 
dangling bonds. For group IV semiconductors, the data are well explained by 
intrinsic -dangling bonds. In some cases, other mechanisms appear to be in¬ 
volved. For example, the original Schottky mechanism appears to apply for 
noble-metals on GaSe [26]. where the concentration of defects is presumably 
low. Also, the prominent acceptor level for GaSb [3-5] may be due to the 
complex (Ga Sb , V Ga ) [3, 7]. Finally, as described above, we attribute Fermi- 
level pinning on p-GaAs to a donor level that is bulk derived and only some¬ 
what shifted in energy at the surface. However, the present theory mainly at¬ 
tributes Schottky barriers, Fermi-level pinning, and nearly Ohmic contacts to 
interfacial dangling bonds of one kind < r another. 

We thank the US Office of Naval.Research for their support, which made 
this work possible (N00014-S2-K-0447). 
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SUPERCOMPUTERS IN SOLID STATE PHYSICS 
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I. Introduction 

The role of supercomputers in theoretical solid state 
physics has been revolutionized by the development of high-speed 
computers and software that facilitates their use. In less than 
a generation, che computer available to the average physicist 
bus changed from a cumbersome mechanical calculator chat could 
burely divide to an electronic wizard that can compute and 
display million-pixel pictures continuously. These advances in 
numerical computation have changed che character of theoretical 
physics from a primarily analytic disciqline to a field now 
dominated by numerical calculations, simulations, and pattern 
recognition. 

Atomic physics was the first area to feel che impact of 
computers: codes for solving Che Harcree-Fock equations with 
configuration interaction almost rendered approximate analytic 
cheones of atomic structure obsolete by Che early 1960's. Solid 
•cace physics was also dramatically affected by che computer 
revolution, but the complexity of many-acom solids appeared, 
until recently, to be an insurmountable obstacle to a fully 
numerical approach to the structures of solids. As a result, 
three separate types of solid state theory have developed: (1) 
analytic theory, of which ch“ theory of superconductivity [1] is 
a prime example; (2) numerical theory, such as energy band 
calculations (2); and (3) simulations, such as Monte Carlo 
calculations of electron transport in semiconductors (3). 
High-speed computers have created situations such that the 
analytic theories can be evaluated for increasingly realis.ic 
models of solids, the numerical theories can be extended to 
Increasingly complex solids, and realistic simulations are now 
possible. In fact, che theory of electronic structure of simple 
solids is now becoming genuinely predictive in che sense that it 
is capable of providing valence energy band structures, based on 
either a priori theories or well-established semi-empirical 
prescriptions. High-speed computers will certainly cause this 
predictive capability to be extended in the near future to more 
complex solids. Moreover, increasingly complex numerical 
theor.es that use che full capabilities of supercomputers are 
likely cc be developed -- extending the predictive capabilities 
cf elec:rtiuc structure theory to conduction band structures and 
to excited states of solids. Thus che advent of supercomputers 
guarantees a revolution in solid state theory. 
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The purpose of this paper is to speculate how the 
supercomputer revolution in its early days will affect solid 
state theory and to sketch a picture of how the supercomputer 
and its less agile cousin, the laboratory computer [&], will 
become cools of the average theorist. 

II. Optimal Use of Supercomputers 

Supercomputers are extremely fast and somewhat-complicated 
machines that are most often situated at remote locations. 
Software development for these machines is in a primitive state, 
and, as a rule, the machines are decidedly not user-friendly. 
For most users, supercomputers are at distant sites and have to 
be accessed over phone lines -- this restriction means chat they 
are useful primarily for compute-limited rather than 
output-limited jobs. (A fully-utilized supercomputer will 
compute so many numbers chat the output can be digested by 
humans only in graphical fora -- and presently available 
communications are not well-suited to long distance transmission 
of large amounts of graphical output.) 

The software and commun-rations limitations imply chat 
researchers interested in using supercomputer- today should be 
prepared to spend a few months at the -ipercomputer site to 
learn how to "vectorize" their codes, or they should station a 
student at the site to interact directly with the supercomputer 
(and its high-speed graphics), or they should wait until the 
plans to develop user-friendly software and high-speed 
communications are further along. Hence, in the near future, the 
primary use of supercomputers by solid state physicists will be 
for large-scale production jobs on cor-ute-limited programs. 
While it is always cost-effective in a narrow sense to use a 
supercomputer, because supercomputers offer Che most megaflops 
per dollar, a proper cost-benefit analysis includes the 
considerable personnel time spent dealing with software and 
communications problems. In our experience, the benefits 
outweigh the costs when supercomputer usage approaches fifty 
hours of central processor time or when stationing a student at 
the supercomputer site becomes economically feasible. Therefore, 
today supercomputing Is primarily for researchers who either (1) 
spend nearly full-time computing, (ii) work near a supercomputer 
site, (iii) have research budgets so small that they are forced 
to deal with the software and communications problems in order 
Co obtain the lower computer costs, or (iv> have problems *o 
large that latoratory or institutional computers cannot 
accommodate them. Users with lesser needs will find that 
personal computers with their superior software (e.g., a Compaq) 
or laboratory computers with their user-friendly and 
well-Integrated software and hardware (e.g., a VAX, possibly 
with an array processor attached) offer cost-effective research 
computing with a minimum of frustration. 
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Thera are major efforts in progress co Improve Che 
user'friendliness of supercomputer software and Co, develop 
high-speed coramunlcacions between supercomputers and remoce 
installations. If these efforts fulfill their advertised 
promise, supercomputers will become much more useful and 
accessible for casual computations, Nevertheless, in the near 
future, most solid scace physicists will perform most of their 
program development and debugging on personal or laboratory 
computers •• and will transfer large-scale production 
computation co supercomputers. 

In the nexc decade we expect institutions such as research 
universities co develop balanced, integrated computer networks. 
The large universities will own supercomputers, while the 
smaller ones will have high-speed data links co supercomputer 
cencers. Universities will concinue co have computer and 
graphics cencers for handling moderately heavy computation and 
for shifting the jobs chat demnnd extremely fast computation to 
supercomputers. Individual researchers and research groups will 
concinue co have laboratory computers dedicated to specific 
casks and will use these computers to debug codes that are 
shipped to supercomputers for rapid execution. These laboratory 
computers will be replaced every five years or so, with the old 
computers being incorporated into university-wide networks 
designed primarily for student use. All lower levels of computer 
usage for research, such as personal compucer usage, will also 
be incorporated into the same networks. 

This picture of the near-term evolution of research 
computing into a stratified system, with different strata having 
dlfrerent but complementary functions, is the basis for our 
projections of the needs for supercomputers in solid state 
physics. 


III. Solid Scace Physics and Supercompucing 

Solid scace physics is an extremely broad field and there 
are many problems in the field that will be solved using 
supercomputers. Here we consider only two typical general 
problems: understanding the electronic and vibrational 
structures of semiconductors. We argue chat some aspects of 
these problems are most efficiently solved using laboratory 
computers, especially when one accounts for the accessibility of 
laboratory computers in comparison with most supercomputers. 
Nevertheless, there are many interesting research questions chat 
can be answered only with the help of a supercomputer -- and 
some chat will require future-generation supercomputers. 
Therefore we strongly endorse efforts co upgrade the country's 
supercompucing capability, and co make supercomputers widely 
accessible co materials scientists and solid scace physicists. 
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Fig. 1. Predicted electronic structure of the metastable 
subsltutlonal alloy (InP)^. JC Ge 2 JC , a f Ce ^ Ref. (5). 


a) Electronic Structure 

Currently theorists can predict the electronic structures 
of solids with a high degree of confidence if they first know 
Che sices of the constituent acorns. The calculations involved 
can be performed on a laboratory computer if there is some 
regularity or periodicity Co the positions of the atomt and if 
the atomic geometries are not too complicated. For example, the 
band gap of a metastable substitutional crystalline alloy such 
as (^ nE> )l- x Ge 2x can calculated rather well (5j. Fig. 1, 
because this semiconductive alloy is highly covalent and similar 
to well-understood (GaAs)^_ ;< Ce 2 :{ (61. The alloy effects can be 
treated in the virtual-crystal or ”ama.gamaced" approximation 
(7]: the interactions between atoms overpower small differences 
in the energies of different atoms, making the electronic 
structure insensitive to the details of alloy configurations or 
any slight lattice relaxation. 
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This pleasant situation fails to hold, (however, (1) once 
charge-transfer between atoms becomes important (i.e., for ionic 
solids), or (ii) once atoms in an alloy cluster together, or 
(Hi) in cases such that fluctuations in composition beyond 
mean-field theory become important, or (iv) when the fundamental 
unit cell of the solid is coo large. For such problems, 
supercomputers will be needed. Furthermore, attempts to develop 
a fundamental thermodynamics of solids and to study 
electronically driven phase transitions or defect stabilized 
phases using actual electronic wavefunctions will require 
massive calculations •• on supercomputers. 

b) Vibrational Structure 

Predictions of the vibrational structure of solids, 
particularly in the spectral neighborhood of cfye optical phonons 
are very sensitive to details of short-range order and hence 
will require more computing power than corresponding electronic 
structure problems. In fact, the phonon spectrum of a simple 
random alloy, such as (GaSb)^. ?c Ce 2 x , is a superposition of lines 
associated with the different bonds (Fig. 2) [8), with the 
energy of each line depending on as many as hundreds of atoms 
nearest to the bond. To merely solve Newton's equations of 
motion for such a single cluster of, say, 1000 atoms requires 
diagonalizacion of a 3000 by 3000 matrix -- in the simplest 
model (short-ranged forces, rigid-ions). 

There are simply too many different alloy configurations to 
include them all If one allows for any one of: anharmonic 
forces, long-ranged interactions, atomic polarization, off-site 
atomic distortions, finite temperatures, or clustered atomic 
configurations, the problem of calculating the phonon spectrum 
of this simple alloy for even a few alloy configurations becomes 
intractable even with today's supercomputers. This problem 
awaits future generations of supercomputers for its solution. 
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Fig. 2. Predicted phonon density of states of metastable 
(GaSb)j^ x Ge 2 j, alloy, after Ref. (8). The dashed line is what l» 
known as the persistenc approximation. 







IV. Summary 


Clearly supercomputers will have a profound effect on the 
level of theoretical understanding of solids, especially complex 
solids such as superlattices or microstructures. With increasing 
supercomputer speed, the solid state theorists will be able to 
treat increasingly complex structures in electronic materials •• 
and, before long, will be able to predict the properties of 
electronic devices, As the computing elements became smaller, 
faster, more complex, and governed by quantum rather than 
classical laws of physics, the laws of quantum mechanics 
implemented with supercomputers will become increasingly capable 
of predicting the properties of newer, smaller, and yet more 
powerful circuit elements. One of the , great dreams of 
theoretical physics will be realized: Theory will be able to 
predict new man-made electronic device structures that, when 
fabricated, will have a profound effect on modern culture. 
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Effects of the band offset on interfacial deep levels 
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The energy levels of antisite defects at a GaAs/Ge (110) interface are calculated and shown 
to be essentially unaltered with respect to the GaAs valence band maximum by different 
choices of the valence band offset. 


I. INTRODUCTION 

The physics of impurities and defects at interfaces 
needs considerable development as a result of the in¬ 
creasing scientific and technological importance of 
semiconductor superlattices and the ability to fabricate 
superlattices with very thin layers (and hence large in- 
terface-to-volume ratios). Impurities at interfaces are 
known to have different deep impurity levels from those 
in the bulk 1-4 because of the reduced point group sym¬ 
metry: C,„ 5,6 for a GaAs/Ge (110) interface with its 
(llO) reflection plane, instead of T d , 6 In the bulk, an J- 
and />-bonded impurity would normally produce four 
deep levels in the ••icinity of the fundamental bandgap 7 : 
one.r-like.-l, level and a triply degenerated-like T 2 lev- 
el. 6 The interface shifts the A x level and splits the 7\ 
level into two nearly degenerate jr-lik<- o'- and (Asym¬ 
metric levels 5 and a cr-like a' s or a, level. 6 (See Figs. 1 
and 2.) The splitting of the --like levels is due to second- 
and more-distant neighbors. 

A number of papers have dealt with the physics of 
deep impurity levels at interfaces, 8,9 although many 
more have considered deep levels at surfaces. 10,11 One 
feature of interfacial deep levels that has not been ade¬ 
quately explored is how the energies of deep impurities 
depend on valence-band offsets, few of which are known 
accurately. In this article we present theoretical results 
bearing on this question, taking as our prototypical de¬ 
fect As on a Ga interfacial site of a GaAs/Ge (110) 
perfect hetercjunction. 


(110) interface between GaAs and Ge is constructed, 
and the interfacial Green’s function is computed, as dis¬ 
cussed in Refs. 2 and 4. Then the interfacial deep levels 
are computed using the theory of Hjalmarson et al.' 3 
Details of the calculational procedure are available. 14 

In constructing the Hamiltonian for the interface, 
we must know the valence-band offset, because the elec¬ 
tronic structure theory of Vogl et al.'- assumes that the 
zero of energy for each semiconductor lies at the va¬ 
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il. CALCULATIONS 

Our calculations are based on an empirical tight- 
binding model of electronic structure, and they use a 
Hamiltonian whose matrix elements reproduce the 
known (low-temperature) bandgapsofGaAs and Ge. 1 * 
The defect potential matrix V is constructed using the 
rules of Hjalmarson et al.' 3 The Hamiltonian for the 
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FIG. 1. Schematic illustration of an As 0j defect at a GaAs/Ge (1101 
interface. The defect’s nearest-neighNir environment is the same as for 
As c , in bulk GaAs, except for one Geatcm (in solid circle). This one 
Ge atom will shift the As 0j s-like A , deep level and split the As 0 , p- 
like T : level into a cr-like a' level polarized along the As 0l -Ge axis, 
plus a twofold degenerate --like level polarized perpendicularly to the 
Asc.-Geaxis. Theo-lihe wwl mows up in energy because CU is more 
electropositive than ihe As-wp 1 of bulk GaAs that n repl.w -s There- 
like level lies very near the bulk T. level and is split into a" (higher 
energy) ar.d a' levels by the second-neighbor Ge atoms (in dashed 
cuds'. The .mer.ace between GaAs and Ge is denoted by a chained 
line. 
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FIG. 2. Predicted energy levels near the fundamental bandgap for the 
As Cj defect in GaAs at a GaAs/Ge interface. We assumed band off¬ 
sets of (a) 0.73 eV 1 ' and (b) 0.41 eV."' Dashed levels are resonant 
with the bands of cither GaAs or Ge. 


lence-band maximum. For GaAs/Ge, which is thought 
to be a type I heterojunction, the valence-band maxi¬ 
mum of Ge lies at higher energy by A E e than that of 
GaAs (ai;j the conduction band minimum lies at lower 
energy). The value of the band-oifset A E v is controver¬ 
sial, however. Therefore we repeat our calculations for 
each of two commonly cited theories of band offsets: 
(i) the Frensley-Kroemer theory, which predicts 
A= 0.73 eV 15 and (ii) the Harrison theory, which 
predict; A= 0.41 eV. 16 There have been numerous 
other theories of band offsets, such as the electron-affin¬ 
ity rule, 1 " including some very recent ones’ 8 ; but none 
can be considered quantitatively reliable, since the 
many-electron and lattice-relaxation effects omitted 
from all of these theories typically account for *.I eoreti- 
cal uncertainties of several tenths of an eV. Neverthe¬ 
less. the values A£,, = 0.73 eV and 0.41 eV span a rea¬ 
sonable range of band offsets and will serve the purpose 
of displaying any significant dependences of deep levels 
on A£,,. 

We calculate the deep lev els associated with interfa¬ 
cial Ga and As antisite defects in GaAs at a GaAs/Ge 
(110) interlace. For all choices of the band-offset A E,. , 
we find that the deep levels of Ga As lie distant from the 
bandgap and that the As defect on the interfacial Ga 
site, As G j , produces three /7-like deep levels in or near 
the common fundamental bandgap of GaAs/Ge: two 
lower-energy, nearly degeneiate ;r-like levels that are 
almost at .r same energy as the bulk T 2 level and a 
highe.r-enetgy a-like a' level. The upper --like level is 
also of o' s> mmetr\ < and has positive parity with respect 
to the (llO; reflection plane, whereas th lower level is 
a" symmetric, with negative parity. (The cr-like cr' level 
lies at higher energy than the jr-like levels because Ge is 
more electropositive than the As atom of bulk GaAs 
tha! the Ge replaces when the interface is formed.) Our 
calculations show that, to a very good approximation, 


the energies of these three levels are fixed relative to the 
valence-band maximum of GaAs and are independent 
of the band offset. (See Fig. 2.) 

This result can be understood rather simply: The 
primary effect of replacing half of a GaAs crystal with 
Ge, from the point of view of an interfacial As Ga , results 
from the replacement of the defect’s neighboring As 
atom by a Ge atom. The Ge atom perturbs the bulk 
As Gj deep level with a perturbation potential whose size 
can be estimated as roughly the difference in Ge and As 
s-atomic orbital energies,’’ of order 3 eV. The resulting 
level shift is considerably smaller (by almost an order of 
magnitude), however, because onij a fraction of the 
As Ca deep-level wavefunction overlaps the Ge pertur¬ 
bation.’ 9 " 0 (Recall the first-order perturbation expres¬ 
sion for energy shifts. 21 ) This fraction is even smaller for 
the --like a' and a" states than for the cr-like o' state. 
Therefore, although the perturbation associated with 
replacing As by Ge is of order ~~ 3 eV. the resulting level 
shifts are about an order of magnitude smaller: 0.1 eV 
for the --like states and 0.6 eV for the cr-like state. Fur¬ 
thermore, changes in band offset of order 0.3 eV should 
be viewed as changes in the perturbation by Ge of order 
10% and therefore cause ~ 10% changes of the already 
small level shifts: only 0.01 to 0.06 eV—a negligible few 
hundredths of a.i eV. 

Hi. CONCLUSIONS 

Therefore we find that the deep levt’s of inter r acial 
defects are different from the deep levels of the same 
defects in the bulk, and that, when measured relative to 
the valence-band maximum of the material in which 
they reside, are (toa good approximation) independent 
of the energy of the valence band edge of ihe other mate¬ 
rial and the band offset of the heterostructure. These 
results, although obtained for an As G3 defect at a 
GaAs/Ge (110) interface, are more universally valid 
and can be expected to hold in genera) for substitutional 
interfacial defects at perfect semiconductor interfaces. 
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The energy band structure of wurtzite-structure semiconductive InS is 
predicted using enpirical nearest-neighbor tight-binding theory. The 
tight-binding paraaecers are extrapolated from chose of zincblonde InP. 
InAs, and InSb by using- empirical rules for the dependences of the 
parameters on bond length and on row of the Periodic Table. The 
predicted band gap is direct and agrees-well with the data for this 
potential orange lighc-emiccer. It is.(suggested that zincblende InS l if 
it can be.grown, also will have a band-gap near 2 eV. 


1. Introduction 

The recent successful growth [1-3] of 
high-mobility, polycrystalline InN with a direct 
fundamental band gap in the orange part of the 
spectrum (2.05 eV [2]) suggests that this new 
material might some.day be fashioned into large 
band-gap solid state lasers. It is widely 
believed chat III-V materials are more easily 
doped both n- and p-cype chan the large band-gap 
II-VI semiconductors, and so a 2 eV-gap III-V 
semiconductor such as InN may find exciting 
applications as a visible light-emitting diode 
and laser. To stimulate more research on the 
optical properties of InN, we present here 
predictions of its energy band structure. 

The predicted band structure is based on a 
nearest-neighbor' empirical tight-binding model 
of wurtzite semiconductors, with an sp 3 basis at 
each atomic site [4-6]. This model has 
successfully described the electronic structures 
and deep impurity levels of a numoer of other 
wurtzite semiconductors with large, indirect 
fundamental band gaps [6,7], The basis sec 
consists of one s and three p orbitals centered 
on each atomic sice. Hence the Hamiltonian 
matrix, for fixed wavevector k, is 16x16. This 
matrix is displayed explicitly in Ref. [6], 

2. Band structure of wurtzite InN 

To'decermine the band structure of InN, we 
must first determine the tight-binding 
parameters, namely the diagonal matrix elements 
E and the off-diagonal elements V [6], and then 
diagonalize the Hamiltonian matrix. We obtain 
the tight-binding parameters for wurtzite InN 
from chose of zincblende InP, InAs, and InSb, 
because the zincblende parameters are known (and 
exhibit chemical trends) (8) and the 
nearest-neighbor environments of the two crystal 
structures are virtually the same (9). 


The on-sice matrix elements E for InN were 
determined as follows: The three matrix elements 
of InP (Row 3 of the Periodic .Table), InAs (Row 
A), and InSb (Row 5) defined a parabolic 
function of r, where r is the Row of the 
Periodic Table. We cook the value of this 
function for r - 2 to be the on-sice matrix 
element for InN. As expected, the resulting 
matrix elements for the N-sice were only weakly 
dependent on r, and the In-sice matrix elements 
reflected the same chemical trends as the atomic 
orbital energies w i [8,10]. (For a tabulation of 
those energies, see Ref. [8]..) 

The off-diagonal matrix elements V were 
assumed to follow Harrison's rule [11]: They are 
proportional to the inverse square of the bond 
length [9], and were obtained by multiplying the 


TABLE I. Tight binding parameters (in eV) for 
InN in the notation of Ref. [6], The parameters 
are the same for wurtzite and zincblende 
structures; for the zincblende structure chore 
are additional parameters associated with the s* 
orbital [7]. 


E(s.a) 

- 

-7.0721 

E(p,a) 

- 

0.7531 

E(s,c) 

- 

-0.6766 

E(p,c). 

- 

4.0306 

V(s,s) 

- 

-5.1158 

V(x,x). 

- 

1.7511 

V(x'.y) 

- 

3.8027 

V(sa,pc) 

- 

1.8009 

V(pa,sc) 

- 

5.3898 
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(a) 


(b) 


Fig. 1. Brillouin zones of she (a) wurtzite 
and (b) zlncblende-crystal structures. 


Wurtzite InN 



InN. 


InP values by the square of the ratio of bond 
lengths for InP and InN. 

The resulting parameters are presented in 
Table I; the Brillouin zone of the wurtzite 
structure is in Fig. la (12), and the predicted 
band structure of InN is displayed in Fig. 2. 

Our band structure is in good agreement with 
the principal experimental fact (1): we find a 


direct fundamental band gap of 2.2 eV (at low 
temperature), compared with the experimental 
value of 1.9 eV at room temperature (2). 
Considering that the theory obcnins a 2 eV gap- 
by scaling parameters for InP, Inns, and InSb, 
all of which have considerably smaller band gaps 
(1.41, 0.43, and 0.23 eV, respectively), the 
agreement with the data is remarkable. 
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Wave-vector k 

Fig. 3. Band struecure of wurezite InN, after 
Ref. [1], for comparison with Fig. -2. 


The general structure of the valence bands is 
similar to that obtained both experimentally and 
theoretically for other wurezite semiconductors 
[13], lending further credence to the results. 

Ue are aware of only one calculation of the 
band structure of InN That predates this work, a 
calculation based bn the empirical 
pseudopotencial method (1,2). There are 


significant qualitative and quantitative 
differences between cur bands and the 
pseudopotencial bands (Fig. 3), and we have 
reason to believe that the tight-binding.band 
structure is core realistic {14J. 3ased on 
experience with zincblende (8} and the ocher 
wurezite (6} semiconductors, we expect our 
valence bands and the lowest conduction bands to 
mimic the real band structure rather well, up to 
3 eV above the valence band maximum. 

Ue propose that experimental studies of 
wurezite InN, including angle-dependent 
phocoemission and electron energy-loss 
spectroscopy, be initiated to resolve the 
discrepancies between the two theories and to 
determine the correct band structure of this 
potential orange light emitter. 


3. Zincblende InN 

It is interesting to speculate about the 
properties of zincblende-scructure InN, on the 
grounds chat it might be possible to' grow 
mecascable zincblende InN in a layered 
structure, much as zincblende Zn^_ x Mn x 3e was 
grown between ZnSe. layers for 0.3 < \ < 0.7 by 
Kolodziejski et al. [IS], despite its preference 
for the wurezite phase for 0.3 < x < 0.6. 
Because of the small covalent radius of K, feu 
of che common semiconductor materials lattice- 
match well to InN; for example, SiC, AiN, 3F, 
GaN, and Si have bond-length mismatches with InN 
of 14%, 13%, 9%, 8%, and -8%, respectively. 
Clearly the stabilization of che zincblende form 
of InN in a suitable artificial layered 
structure represents quite a challenge. 


Zinc-blende InN 



L r x T 

Wave-vector K 

Fig. 4. Predicted band structure of zincblende 
InN. 
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In che hope of stimulating efforts to .grow 
zincblende InN we have predicted in Fig. 4 its 
band structure, using che model of Vogl et al. 
IS), with the s and p Hamiltonian matrix 
elements of Table 1 and s* matrix elements [7] 
obtained by the same method of extrapolation 
used for the wurezice matrix elements. ("Hie 
zincblende Srillouln zone is displayed in Fig. 
lb.) The fundamental bend gap is the same in the 
zincblende structure as in the wurtzite 
structure for the sp^ wurtzite nearest-neighbor 
tight-binding theory and the sp 3 s*~Vogl model of 
the^zincblende structure, namely 2.2 eV, or 

2 £ gap - E(s,a) + £(s,c) - E(p,a) - E(p,c) 

+ ( (E(s.a)-E(s.c)) 2 + 4 V s s 2 J 1 / 2 
+ ( (E(p.a)-E(p.c)) 2 + 4 V x x 2 l 1 / 2 . 

Here we have used che notation of Ref. (8). 

One unique feacure of che predicted band 
structures is. che width of che valence bands, 
which for both wurtzite and zincblende Inti is 
abouc half whac one finds for ocher similar 
semiconductors. These narrow widths may be an 
artifact of che model, however: for example, a 
similar tight-binding theory of AIN produced a 
valence band width larger chan subsequently 
predicted by che local-density pseudo-function 
method (16], In this regard, we note-chat Tsai 
ec al. [17] and Chriscensen [18] have very 
recencly independently communicated to us 
local-density band structures which feacure 
broader valence bands. Local-density theory, 
however, generally produces a fundamental band 
gap that is much coo small, and so che issue of 
which theory is superior should be resolved 
experimentally. We do note chat we can adjust 
the parameters of the model to obtain broader 
valence bands while retaining the 2 eV gap, but 
such adjusted parameters would noc have che a 
priori status of che present parameters. Such 
adjustments would noc greatly affect predictions 
for either che band gaps of InN-ba3ed alloys 
(such as In, x Ga x N) or che electronic states 
near the fundamental band gap associated with 
localized perturbations, such as deep levels 
[19]. Therefore, che model should prove useful, 
even if it is shown Co predict valence bands 
chat are somewhat narrow. 

4. Summary 

In summary, InN in either che wurzite or che 
zincblende form is expected to be an interesting 
optoelectronic material with a band gap In or 
near che orange part of che spectrum. It would 
be interesting if either of these materials 
could; be grown with electronic-grade quality, 
and che predictions of this paper tested. 
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The X-ray photoemission, absorption, and emission spectra of a one-dimensional, ene- 
orbital-per-site model of an ordered binary compound AB and its disordered counterparts 
A|.,Bi_AA t arc calculated. With increasing x, the band gap of this mode! changes from 
being large (insulating) to very small (semiconductive). Final-state interaction effects that 
produ— electronic excitation of valence electrons across the gap are incorporated in a 
change-of-mcan-field approximation. The spectra exhibit sidebands associated with 
disorder and distinctive features associated with the character of the one-electron states and 
excitor ic states. 

1. Introduction 

In this paper we report calculations of the X-ray photoemission. absorption, 
and emission spectra of a one-dimensional model of an ordered diatomic 
compound AB, and of its disordered counterparts A|. x B l ^ r B x A jr with various 
concentrations x of antisite defects. With increasing .v this model changes from 
having a large band gap (an insulator) to having a sufficiently small gap and den¬ 
sity of state? in the vicinity of the Fermi surface that it is semiconductive. Tl.e 
calculations are based or a one-electron and one-orbital per site tight-binding 
model, and incorporate manv-electron final-state interaction effe'ts in i chai.ge- 
of-mean-field approximation. 1 To our knowledge, this is the first treatment of a 
model for such muiti-electron processes in diatomic compounds, either ordered 
or disordered. 

2. Model 

In the change of mean-field model, we treat only the valence and conduction 
electrons, which in the initial state for X-ray photoemission are described by the 
A ; -electron Hamiltonian 


14S3 
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A' 

a) 

f-l 

where we have the light-binding one-electron Hamiltonian 

M 

h, - X *(»)l»)(*l + 0|«) (« - li + -h 1 ).(*!•. (2) 

/T— I 

Here j n) refers to the orbital at the /t-th site of M sites, £(/;) is either e A or s B , and /? 
is the transfer matrix element. For the disordered solid, e(n ) is s A with probability 
1 —xand e B with probability .v. if n is even; e(r) is s B with probability 1 — .vand e A 
with probability x, if n is odd. For the ordered solid, we have " = 0. 

The final-state Hamiltonian is 

N 

o) 

/— l 

where is identic.:! to /?,•, except at the site R of the core hole — which has an 
additional electron-hole interaction term V = V 0 |R) (Rj, with V 0 < 0. The initial 
many-eleciron Siate If) is a Slater determinant of the N lowest-energy. single- 
particle cubital eigenfun.tioits \<f>) of h. The various final-states jFv) are determi¬ 
nants of .V eigenfunctions \w) Oih'. 

Here we consider onh a single-spin channel (up), because the effects of the 
spin-down channel car be included a posteriori by convolution 1 and merely serve 
to asymmetrically broaden the single-channel specra slightly, without altering 
the essentia! physics. Hence, in this paper, the number of electrons N is half the 
number of sites \i\ the Firm! energy is halfway between e A ande B , which we 
define *o be zero: c A = -e R . 

In the chang*-of-mcan-field model the X-ray photoemission spectrum (XPS) 
for photoelectrons energy E is 

/(£) = X T SiE + £r v -E, -Hoj- £cor; ). (4) 

Here E Fv anc E, a*e »he final- and initial-state energies of the conduction elecron 
gas and £ rore is t!.-.’ core hole energy relative to the center of the conduction band. 
The XPS recoil energy is 

s s 

S Fr - E, = y s; - T c,. (5) 

where the sums are over occupied final- and initial-state single-panicle energies. 
Likewise the X-ray emission spectrum foi photons of energy E is 


k(E) = IrK/M-jMS/jf 6{E -E,+ E Fx ) . 


( 6 ) 
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where the initial state |/) is a determinant of N + I |^)'s, and the various final 
states |FV) are configurations described by determinants of N\(t>)'s and on<* core 
orbital: 


V\ (R) 
Ok.iki) 


(F\vM\I) = M 0 \ 


(<PoK) 


<MR) 


Vs*i (R) 


(7) 


Wrt ••• |(0v.\|^//+i) 


Here (0|^) is a scalar product, R is the core.hole site, and we have assumed that 
the core radius is negligible 2 and M 0 is a constant. A similar expression holds for 
X-ray aborption. 2,3 
We have the sum rules for XPS 1 

f" 1(E) dE- 1, (8) 

J-oo 

and for emission 2 


*co 

J-a 


K(E)dE-Ml2i\n( R)| 2 


(9) 


where the sum is over occupied orbitals of the initial state. 

The lineshapes we display are ensemble averages (denoted by «_») over 

all core hole sites (typically 1000 such sites); e.g., 


X (E) - « I ,\{F ]A/|/)| 2 M 0 ~ 2 5{E - E, + E Ft )» . (10) 

The procedure for executing the calculations has been described elsewhere 3,4 . 
Briefly, we have directly diagonalized the Hamiltonian for A' = 20 electrons and 
M — 40 sites, with the core-hole site being one of the ten innermost sites. 


3. Results 

The results of our calculations (for (3 — — 1/2, V Q = —2\/3\, e B = 2|/?|, and 
~ — &b) are given in Figs. 1 and 2, 3 and 4, and 5 and 6, for X-ray 
photoemission, X-ray absorption, and X-ray emission, respectively. 

These spectra can be understood by re ferring to the density of state?. 5,8 (Fig. 7), 
which feature a filled A-like valence band and an empty B-like conduction band 
(for x =* 0) which both develop sidebands associated with antisite defects (e.g., 
ABA.AAB) and clusters of defects as a result of disorder (for x ^ 0). For sufficient 
disorder (.v >0.1) the gap between the valence and the conduction bands becomes 
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Fig. 1, Predicted X-ray photoemission spectra for core excitatior of the A-site as a function of the 
emitted electron’s energy E for A|- I Bi_ x B J A,, fora: • 0 (solid line), for* — 0.1 (dashed line ),x — 0,2 
(donee 1 ), x - 0.3 (dashed-dotted), x — 0.4 (dash-double-dotted), and x - 0.5 (double-dash dotted). 



Fig. 2. Predicted X-ray phoioetnission spectra for excitation of the B-site, as in Fig. 1. 
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( E + e„ re )/2|£| 

Fig. 3. Predicted X-ray absorption spectra *(£) for excitation of a core level at the A-site, as in Fig. 1. 



Fig. 4. Predicted X-ray absorption spectra *(£) for excitation of a core level at the B-site, as in Fig. I . 


very small. That is, the disorder converts the model material from insulating lo 
semiconductive. 

Further aids to understanding the spectra are Figs. 8 and 9, which display for 
the ordered diatomic material AB the total density of states, the local densities of 
states at the A and B sites, and the hole-perturbed densities of states at the A and 
B sites. Note that the hole-perturbed local density of states at the B-site has two 
bound states, one associated with each band, but that at the A-site there is only an 
A-band bound state. 





CE + «„„ )/2|£l 


Fig. 5. Predicted A-site X-ray emission spectra *(£), as in Fig. I. 



a) XPS spectra 

The X-ray photoemission spectra (XPS) for creation of a core hole at site A 
(Fig. 1) each have a large peak [at (£ - fico— E mrt )/2\P\a l] associated with 
photoemission from the core. For* = 0, this peak is symmetric. There is a low- 
energy sideband [at ( E - fico-e^)/ 2 |/>| ar - 2 . 5 ] corresponding to accompany¬ 
ing excitations of the electron gas from the bound state of the (fili’d) A band to 
the empty B band (see Fig. 9). For * # 0, the structure near (£ - fiu—s nn ) 
~ —2)jSj corresponds to disorder-activated excitations from near the top of the 





E /2|jS| 


Fig. 7. Broadened densities 1 of states (times the unit of energy) versus £/2!,4| for 
with x m 0.1 (solid line), x m 0.3 (dashed), and x m 0.5 (chained). Levels with £ < 0 lie below the 
Fermi energy E f - 0 and are occupied at zero temperature. For x «• 0.1, the characteristic 
|£ - Eq\~ u * van Hove singularities are blurred slightly. For larger x, antisite-defect peaks are 
prominent, small sidebands associated with clusters of antisite defects arc visible, and band-center 
peaks associated with disorder are present.* 

filled A band to the empty B band (see Fig. 7). With increasing disorder the gap 
between the filled A band and the emp:-. E band fills in, and the main peak 
becomes more asymmetric, due to low energy excitations of the electron gas 
across the gap from below the Fermi energy to above. (These excitations are 
forbidden for* * 0, because the model is insulating in this limit — there are no 
states in the band gap of 4|/?|.) 

XPS at the B site (Fig. 2) produces a nearly recoilless peak at E - Fno-Can st 0, 
and a peak at» —1.7 corresponding to transitions from the filled A band to the 
empty bound state (see Fig. 8) of the B band. The sidebands of the main peak 
associated with disorder are due to transitions from filled to empty states. In 
particular the small peak at (E — fiaj—e (0lt ) /2j/J] =; 0.6 is associated with shape- 
resonance excitations of the lowest density-of-states.pcak above the Fermi energy 
from below the Fermi energy (where it is pulled by the core hole) to above. 9 

b) Absorption spectra 

At the A-site, the absorption is relatively weak and featureless because the core¬ 
hole state has A character and the A character of the conduction band is weak 
(Fig- 3). 





-I 


1 


o -2 


E/|.2jS| 


Fig. 8. Various calculated densities of slates (DOS) (times 2J/?[) of a perfect AB crystal: total DOS: 
local DOS at an A-siu; and local DOS at a B-site. Note that the upper part of the valence band is 
totally A-like and the lower part of the conduction band is B-like. 


At the B-site (Fig. 4), there is a strong absorption peak for x =* 0 corresponding 
to electronic transitions from the B-like core-hole level to the bound exciion state 
of the empty B band. This excitonicJevel has a strong B-like chatacter. In 
addition, a higher energy peak [near(£ , +c core )/2|/?| s: 1.0] corresponds to transit 
tions into the B continuum. Disorder (x ^ 0) merely serves to add sidebands and- 
shape resonance-"' to the spectrum. 

c) Emission spectra 

For a core-hole at the A-site, the emission spectra reflect the A-like density of 
states of the valence band, and exhibit disorder-activated sidebands. Xhe initial 
states each has one electron-at the.B-band minimum which prefers to project oritp 
a final-state B-like one-electron orbital, causing the spectra to exhibit the A-like 
character of the remaining electrons. 

However, for a core-hole at the B-site, the spectra for x O' reveal two 
interesting features: (i) a main peak near » 0 corresponding to the 

electron ; n the excitonic bound state of the B band falling into ;he cost hole and 
(ii) a weaker peak at (£+£„„) /2|/?J ,= — 2 associated with transitions in which 
the core hole captures an electron from the bound state below the A-b£j;d; its 
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E/|2JS;| 


Fig. 9. The core-hole perturbed densities of states (times 2|/?|).at the core-hole site in a perfect AB 
lattice, for a core-hole at an A-site and a B-sitc. Note that the core-hole produces twe bound states 
when it occupies a B-site, but only one when on an A-site. 


small size reflects the.reduced B-like character-in that state. This peak disappears 
with disorder, which weakens the bound state below the A-band. Disorder 
activates additional sideband features. 

d) Discussion 

The X-ray spectra discussed here exhibit the effects of final-state electron-hole 
interactions as well as the effects of disorder. For an insulating model, the spectra 
have excitonic features. However, no prominent “X-ray edge anomaly” 10 
manifests itself even in the semiconducting regime. 

One interesting feature of the XPS spectra is that the major lines are nearly 
symmetric — a feature once observed 11 for sodium-tungsten bronzes with low 
local state densities at the core hole site. At the time of that observation, the only 
available theory was for free-electron metals, 12 which were predicted to have 
considerably asymmetric XPS lines for the case of strong electron-hole interac¬ 
tions — contrary to the observations. 13 The theory presented here suggests that 
nearly vmmetric XPS lines can be expected in systems with low densities of 
states at the Fermi energy. 
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In summary, the X-ray soectra of Aj-^B^BjAx are rich in-structure associated; 
with disorder, but primarily determined by the densities of states. 

Appendix A 

Matrix elements of tnc retarded Green’s function for the perfect AB lattice 
between two A states in cells i and / + /zareLgiven by 

Gaa (n,E) = (A, /|G(£)|A, i + n) „ 

= ± (E - z b ) (a 2 - 4p*)~' n ([ a /20 2 \ * {[a/2/? 2 ] 2 - l} 1 ' 2 )'"', 

where we have a = (£ — e a ) (£ — e b ) — 2/? 2 and the lower set of signs is 
applicable from the bottom of the upper band ( e b ) to the bottom of the lower 
band [e„ + e b ~ {(a* - £ a ) 2 + 16/? 2 } ,/2 ]/2. 

Other matrix elements are given by 

{B, i\G (£)|B, i+n) - [(£ - 0/(£ - e 4 )] G fK {n, E), 

{A,'i\G (£)|B, i+n) = [/?/(£ - s 6 )] fo* («, £) -f C?^ (n + !,£)], " 

and 

(B, i\G (£)|A, i+n) = [/?/(£ - £,)] [(?** (/», £) -r <?„ (« - !,£)]. 

Using these matrix eiements one may examine the local density of states of 
various defects by using Dyson’s equation G — G 0 (l — VG 0 )~'. In particular 
new states outside the bands may be found by looking for the zeros of the 
determinant of [l — VG 0 ]. We have carried cut this search for the parameters 
given and find that filling two A siter with B-like states gives: 

Cell spacing Energies 

1 1.88,1.56,0.55,0.15 

2' 1.78,1.74,0.39,0.32 

3 1.76,1.76,0.36,0.36 

The results of filling two B sites with A-like states is just the negative of the above 
energies. Interchanging an A and a B state gives: 

Cell spacing Energies 

1 ±1.61, ±0.64 

2 ±1.74, ±0.29 

3 ±1.76, ±0.36 
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These results are well correlated with the dominant features and concentration 

'dependencesf the numerically calculated density of states- 
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abstract 

»« report theoretic.,! calculations of dee? levels in GaAs/Ai,.Ca, , v As 
superlattices under hydrostatic pressure, Ve predict phase diagrams for"DX 
centers: for a given composition x there is a function p(a). which relates 
pressure ? and GaAs quantum-well width a. and defines a phase boundary 
between two regions: one in which DX is a deep r-ap in the fundamental band 
gap and another in which the DX deep level lies in the conduction band. 


I. INTRODUCTION 

ror a superlactice in which the crystal structure is continuous across 
the interfaces between alternate layers of different semiconductors, there 
is no difficulty, in principle. In calculating the energy bands and the deep 
impurity levels fl]. In this paper, we present the results of-such 
calculations for superlattices under hydrostatic pressure, based on an 
empirical tight-binding model. Deup Impurity levels are treated by a Green's 
function method (2], using special points to perform ic-space sums -3j. To 
account for t:.e effects of pressure, we fit the pressure dependences of 
empirical matrix elements of cite Hamiltonian to the observed pressure 
variations of the bulk band structures (4]. The valence band offset at the 
interface is treated by using the experimental results of Wolford ec ai. 


In the present study we consider a DX center in an AI.^Ga, .As layer of 
an Ai v Ga|, v As/A2.,Ga|.j.As superl'attice (for y < x), ar.d we show that (i) 
reducing the thickness'of the Af v Ga, -v As layer,’ (ii) increasing the alloy 
composition y; and (iii) the application of hydrostatic pressure all havf 
similar efzects on the "DX" center {6|: the deep level Is C iven from the 
conduction band of A2yGa|_ v As into the fundamental band gap. Thus this work 
adopts the pioneering vieupbint of Hjalmarson ec al. (71, that the DX center 
is associated with a substitutional donor (such as Si^ a ) and produces a deep 
level resonant with Che conduction band in CaAs, but the level can be driven 
into the fundamental band gap by either (1) increasing the alloy composition 
(6), increasing pressure (8J. or reducing the thickness of the GaAs layer 
containing the donor (1). The persistent photoconductivity of the DX center 
is presumably explained by the weak electron-phonon coupling model of 
Hjalmarson and Drummond (9,10). We shall refer to this substitutional donor 
as a DX center hereafter, although many workers believe the DX center is a 
donor-vacancy pair (6). 

Th„s paper is organized as follows: Section II discusses the cheorv, 
while Section III describes our results for the DX center when subjected to 
a change of alloy composition x in AX^Ga^ -j; As, an increase of pressure, or a 
decrease of che quantum-well thickness. The phenomenon of a shallow-deep 
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transition is discussed, and che nocion of a critical combination of 
pressure and quantum-well thickness is introduced: for pressures larger than 
this critical pressure or for quantum-veils thinner than the critical vidt'n. 
the DX center vill be a deep crap in the fundamental band gap. 

II. THEORY 

We begin with a minimal basis-sec LCAO-cype model (with one s-, one 
excited s*-, and three p-orbicals centered on each atom) and include only 
nearest-neighbor interaction matrix elements >11}. This is sufficient to 
givs a reasonable description of the lowest conduction band as veil-as the 
valence bands for both homogeneous semiconductors 'oaAs and AfAs and alloys 
Afj.Gaj_j.As. Hence the same type of Hamiltonian should describe che 
GaAs/Afj.Gaj.j.As superiactice [1). (Alloys are treated in a virtual crystal 
approximation j!2J.) A universal set of parameters for the Hamiltonian is 
available (11): these have accurately reproduced the band'structures of GaAs 
and AfAs. We perform our calculations for GaAs/Afj.Gaj_..As superiattices 
whose layers are perpendicular to che (001) direction. We assume GaAs and 
AfjjGaj.^As are perfectly laccipe-reatched and. we consider Sj layers of GaAs 
and K, layers of Afj.Gaj_j.As repeated periodically. The dimension of che 
superiactice Hamiltonian matrix (for a giver surface wave-vector f: in the 
plane of the layers) equals the nuiberof orbitals per atom times 2(t,'j+N,). 
The valence band edge discontinuit.-, which has some effects on the positions 
of deep levels in the superlattic . is chosen to reproduce the recent 
experimental resul-s by Wolford ec al. (lls of the band offset is in ‘the 
valence band) [5;. This offset is incorporated in the medal by adding a 
constant to all of the. diagonal matrix elements of the Har.ilcoiian of. GaAs, 
because these tight-binding parameters (11) are defined with respect to che 
top of the valer.ee band. The full Hamiltonian, which produces cue 
superiactice band structure as well as all s- and p-bordrd deep impurity 
levels, is given in detail in the paper by Ren ec al. (1). x We follow the 
techniques of chat work and the theory of deep levels in pressurised bulk 
semiconductors (6) in performing our own calculations for vhe presssure 
dependences of the deep levels in superiattices. 

The impurity levels are evaluated following the Green's function theory 
of Hjalmarson ec al. [2). which solves the secular equation for che deep 
level energy E: 

det (1-GV) - 0. 

Here V is the defect potential matrix, which is diagonal in che Vogl sp 3 s* 
basis (in the case of zero lattice relaxation) and has matrix elements 
related to che defect and host atomic energies (2). The Green's function 
operator is G ■* (E-H) , where H is che host tight-binding Hamiltonian 
operator and E has a small positive imaginary part when E lies outside the 
band gap. We consider substitutional donor impurities in this paper, and 
they generally have C Jv point group symmetry in che GaAs/Al Gaj As 
superiactice. Details of the calculational procedure may be found in Refs. 
(1) and {A J. 

The pressure dependences dE/dp of substitution;,) deep point defect 
levels in GaAs/Ai > .Gaj.j ( As are deduced using the far,' that che hydrostatic 
pressure preserves crystal symmetries-while altering bond lengths'. In che 
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aocel of Vogl et al .. the diagonal matrix elements of the host Hamiltonian H 
and the on-site defect potential V are independent of.changes in the bond 
.lcngch. while the off-diagonal matrix elements of H depend on bond length d 
according to Harrison's rule: 

««.*- H Offl 0 <d 0 /d) n <“'^ . 

•-•here dg is the zero-pressure bond length. The exponents n(a,£) (for 
a,$ - s. p, and s*) are obtained by fitting the observed pressure 
dependences of the direct band gaps at T, X, and I, and the indirect gaps 
from the valence band maximum to L and X. using least-square methods. A 
discussion of the effects of hydrostatic pressure on bulk electronic 
structures of III-V semiconductors is given in Ref. (4). We use the 
exponents n(a,0) obtained for the bulk semiconductors as input to calculate 
the pressure dependences of the electronic structures of superlattice 
CaAs/Ai x Ga,_ x As and its deep levels. -J 

III. RESULTS AND DISCUSSION 

In this section we assess (i) the effect of increased alloy composition 
x on a deep donor level in bulk A-f x Ga^.,.As, (ii) the effect of hydrostatic 
pressure on the DX center, and (Hi)" the effect of decreased quantum-well 
thickness on a DX center or substitutional point defect in a GaAs well of a 
GaAs/Af J .Ca^. x As superlattice. We cake as our model of a DX center, a single 
Si impurity - on a cation site (while acknowledging chat DX behavior can be 
associated with a wider class of donors, including donor defect complexes). 

We assume chat the defect potential of our DX center produces a deep 
level with the property that the level descends into the fundamental band 
gap at an alloy composition near x-0.3 (6) in Ai y Ga^ >} .As The defect 
potential V chat produces such a level within the context of the deep level 
theory of Hjalraarson et al. is diagonal with V s - -1.047 eV and 
V - -0.844 eV, essentially equal to the Si defect potential (within the 
theoretical uncertainty). The resulting alloy dependence of that deep l.-vel 
in Af x Ga^, s As is displayed in Fig. 1, and was first predicted by Hjalmarson 
{2.7}, who also first provided the picture of Si as a potential DX center •• 
an idea chat has since beer, developed by Yamaguchi (13|, who has also 
compared with data the predictions of the Hjalmarson theory for the 
dependence of the OX center on alloy composition x and pressure p. Noce that 
this center undergoes a shallow-deep transition. The s s-like A^-symmetric 
deep level in GaAs lies in the conduction band. Therefore the ground state 
has che extra Si electron crapped in a shallow donor level. Sue for x > 0.3 
in Aij.Ca^.j.As, the deep level lies in che gap, below che shallow donor 
levels, and this deep level is occupied by one electron in che ground state. 
Thus a second electron of opposite spin can be crapped by che deep level: 
when che deep level lies in the gap, che Si no longer is a donor but instead 
removes electrons from the conduction band. Thus Si or the DX center 
undergoes a shallow-deep transition from an impurity that produces n-cype 
shallow-donor semiconduccive behavior to one chat is a deep trap and leads 
to semi-insulating properties. This same type of behavior occurs as a 
function of increasing pressure for the D.N center in GaAs (14), and was 
predicted theoretically (4). (See also Ref. (13j.) Finally. Ren ct al. JIJ 
have developed a theory of deep levels in superlaccices which shows chac 
such a DX center in a GaAs quantum well of a CaAs/Ai x Ga^_ v .As superlattice 
can descend into the gap as the GaAs we 11-thickness a decreases because the 
deep level stays -relatively constant in energy while the conduction band 
edge of the superlattice increases (due Co quantum confinement) as the layer 
thickness decreases •* until it passes above che deep level, causing che DX 
level to lie in che gap as an electron trap. See Fig. 2. 


GoAa 


Compos it ion 


AlAs 


Fig. 1. Energies versus alloy composition s ln-'Ai„C«i .«,As alloys of (i) 
Che conduction hand'edger.lnima at F, X, and L (solid), (li) shallow donor 
states (short dashed), and (iii) DX center (long dashed), after Refs. (2) 
and (7). 



Ca ) Cfc5 


Fig. 2. I.lustration of a shallow-deep transition as the width of 
a GaAs quantum well decreases. In a thick well (a) the deep donor level 
lies above the conduction band edge, so that the electron occupier the 
lower shallow level; in a thin well (b) the shallow level lies just 
below the superlattice conduction band edge and above the deep level, 
which is occupied by the electron. 
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GaAs thickness (A) 

Fig. 3. Predicced critical pressure versus GaAs quantum-well width 
for a Gsas/A^q 2S Ca o 75 As we ^' Here u ® have N-j-10. 


In Fig. 3 we show our predictions for the "phase diagram" of a DX 
cencer in the center of a Gafts wall of GaAs/Aig 2S Ca 0 75 As > nanle 4‘ che 
function of pressure and well-thickness that causes the A| deep level of the 
DX cencer to coincide with the conduction band edge. Thus, in the region 
marked "shallow", che DX impurity produces a deep level in che conduction 
band of che superlactice, and is a shallow donor; in the "deep" region the 
DX cencer is a deep crap. A word of caution abouc che theory; the general 
shape of che curve p(a), where p is che pressure and a Is che well 
chickness, is reliable, whereas che precise values may not be. Indeed,we 
suspect chat ac zero pressure che critical well-chickness for a DX cencer co 
produce a deep level in che gap is somewhat smaller Chan predicced. 
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A method for computing the Raman spectra of substitutional crystalline 
III-V alloys, combining Monte Carlo and Recursion methods, is presented 
and applied to InQ jGag $ ks o.S^O 5 - 


1. Introduction 

This paper describes a simple method for 
computing Raman scattering spectra for 
substitutional crystalline semiconductor alloys 
with correlations between atoms occupying 
neighboring sices. Most theories assume that 
such alloys are random, and omit correlations 
between the atoms on neighboring sices: The 
probabilities of having different types of atoms 
on a given site depend only on the 
concentrations of the constituents and not on 
the types of atoms on neighboring sites. In 
reality, however, alloys often have a tendency 
to cluster and form regions with preferential 
bonding: For example,.Islam and Bunker (1J have 
recently observed preferential Ga-As and In-Sb 
bonding in In^.^Ga^ASySb,, v alloys; as a result, 
the fraction o': ' Ga-As bonds differs 
significantly from the random value xy, With the 
Increasing technological importance of III-V 
ternary and quaternary alloys •• alloys that 
exhibit .different amounts of clustering and 
correlations for different growth conditions • ■ 
it has become important to develop a theory 
capable of predicting the electronic and 
vibrational properties of correlated alloys. 
Such a theory is needed especially for phonon 
spectra, which unlike electronic spectra are 
normally persistent {2 * or two-mode (3) in 
chara.-ter, and most often are not well 
approximated hy a virtual crystal approximation 
(which, with few exceptions (4-6), provi^js an 
adequate description of the electronic states 
near the fundamental band gaps of common 
semiconductors). 

In this paper, we present such a theory of 
phonons in Inj.j.GajjASySbi .y; the v'heory has 
three distinct elements, (i; the determination 
of an 8,000-atom cluster of atoms chat has the 
desired nea-osc-neighbor correlations, (ii) the 
appro; ' '.acion of the Raman spectrum by an 
appr-.priace projected density of states of the 
alloy [7], and <iii) evaluation of this density 
of states for the alloy using the recursion 
method (8) and a Sorn-von ’■ rman model of the 
lattice vibrations (7.9-12 j. 

2. Correlations 

The first task in developing our theory o: 
correlations is to determine the site 

* Present address: School of Physics Georg:: 

Institute of Technology, Atlanta, CA 3-9332. 


occupations of a large 8,000-acom cluster such 
that the cluster has the desired 
nearest-neighbor correlations. We place atoms Ga 
or In on cation sices (with probabilities x and 
1-x, respectively) and As o: Sb on anio’n sices. 
However, constructing a cluster with the desired 
nearest-neighbor correlations is somewhat more 
difficult than creating an uncorreiaced cluster. 
In the case of an uncorreiaced cluster, one 
merely deposits atoms on sices with the 
prescribed probabilities, using a random number 
generator to determine which atom.occupies a 
given site, However, if this approach were 
applied to create a correlated cluster, the 
correlations in different parts -f the cluster 
would be different: when putting down the first 
atom, none of its neighbors is known; when 
depositing the second atom, at most one of its 
neighbors is known; and so on, until all, of the 
neighbors of the last atom are known, As a 
result, higher-order correlations a:e present 
which depend on the sequence in, which ;ne sites 
are occupied. 

To circumvent this problem, we employ a 
four-component Ising-liko model of the cluster, 
and apply the standard Monte Carlo procedure 
(13,14) to solve the model for an alloy 
configuration with the desired average alloy 
composition and nearesc-neig,.bor correlations. 
The energy E of the configuration is 

E/(k B T) - SiR.R.j J(R.R’) + h(R), 

where we have h(R) - H^ if atom-type v is at 
site R, and j^R,R‘) - v If atom-type p is at 
R and_w is at R‘. (Here J^ v is zero unless R 
and R* are nearest-neighnors.) The numbers H 
and J u v are independent pai .veters which can be 
adjusted to .provide the desi::d nearest-neighbor 
correlations. The probabil.ty o: a given 
8,000-aloa alloy configuration is proportional 
to exp (-E/kgT). Examining tiio above express on 
f^r E, we see that, if we change a singlv .-.’.ora 
in the configuration, the probability that she 
new atom is of type v depends only on that atom 
and its four nearest-neighbors. through H and 

Vv 

Our procedure is to :i-st solve this 
Ising-like model (assuming values of v and 
H^) for an equilibrium j.’ioy configuration, 
using ordinary Monte Carlo techniques (14), and 
then to adjust the parameters J ( , and h u by 
trial and error (15,' until we find an 
equilibrium configuration with the desired 
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nearest-neighbor correlations. As usual, enough 
iterations of the Monte Carlo scheme are 
performed to achieve convergent values of the' 
average alloy compositions x and y and the 
nearest-neighbor correlations u ; and the 

results are independent of the initial 
configuration and detailed method of relaxation. 
Here, for example. N Ca As is the fraction of 
GaAs bonds 116). 

For the quaternary alloys considered here, we 
assume that only Ga and In atoms occupy cation 
sites, and only As and Sb occupy anion sices of 
a zincblende lattice. This tondition is achieved 
in all configurations by choosing the initial 
configuration to satisfy it, and by caking 
J caeion,cation and d ar.ion,anion co infinite. 

The net result of the Mcnte Carlo procedure is 
a single final cluster configuration that has 
the desired average composition and nearest- 
neighbor correlations. If the correlations are 
so strong chat there is considerable clustering, 
a single 8 , 000 -atom cluster may not mimic the 
real alloy sufficiently well, and it may be 
necessary co generate an ensemble of such 
clusters. In such a case, the calculations 
described below would be repeated for each 
cluster and then ensemble-averaged. 

2 Raman Spectra 

An explicit expression for the intensity I(o') 
due co Raman scattering of light into a solid 
angle dfl' is derived in detail in the textbook 
of Born and Huang (7). In particular, they show 
chat only the electronic portion of the 

polar .tabillcy Pjj. is relevant to Raman 
processes (17). This contribution should be very 
similar on all cation (anion) sites, since 
different III (V) elements are electronically 
similar. Therefore, to a good approximation P,j. 
in a zincblende crystalline alloy will be the’ 
same t » and have the same symmetries as, Pjj. 
for a pure tincblen.de crystal. Moreover, only 
the terms P: k of first order in the dislacettoncs 
are needed for lowerc-order Raman scattering. 
These terms can be written simply in terms of 
their decomposition into displacements u^(n,o) 
as individual sites in cel) n, and atom a (18) 
as 

SP jk - 2 n ,c,l P jk,f ( 0 - O)u i< n -^ 

In the zincblende structure, there are two atoms 
per cell (o-l, 2 ) and, from translational 
symmetry (19), they must have Pjj. ^ that are 
equal in magnitude and opposite'in sign. The 
form of P,^ j is determined largely by the 
symmetry of the crystal. The Raman-allc-ed modes 
and corresponding forms of P,,. j for various 
crystal structures have been tabulated by Hayes 
and Loudon (20). Fcr the zincblende structure 
(symmetry 53ra), one finds that the only 
Raman-active optical mode is Tj and the 
corresponding terror Psj. ^ has components Pq (an 
unknown constant) whenever j, k, and f are all 
different, and zero otherwise. 

Born and Huang (21) shou that the P.araan 
scattering intensity at tea ■•rature T for 
one-phonon absorption (i.e., tne lowest-order 
anti-Stokes process), in terras of the creation 
and annihilation operators E and E' for the 
incoming photon of er ‘-rgy (to and the 


polarization vector 7 of die outgoing photon of 
energy jiw' , is 

I(.-’) - (« 4 / 2 *c 2 ) S jikii . ra «j« f l jk . iB Ej&. 
where we have 

P jU <A> p f m (A> » 

Mk " .— — — •' . . . 

(2u x )|exp(Hu A /k B T) - 1) 

Here P^.(X) is the projection of the 
polarization censor discussed abov. onto the 
A-c'n eigenstate, of frequency w A |22,. Using the 
form of P.^ discussed above, the scattering is 
independent” of direction and polarization, 
except for an overall scale factor, so the 
results can be discussed without reference co 
the crystal axes. 

4. Recursion Method 

The preceeding discussion demo- rcrates chat 
the Raman spectrum is simply related co the 
projection of the vibrational density of states 
onto the polarizability censor (22). For a 
disordered alloy, there is no way co determine 
this density of states exactly. However, the 
recursion method ( 8 ) provides a simple, fast 
method to obtain approximate solutions 
numerically for a large cluster. In fact, what 
it really provides is not a total density of 
states, but the projected density of states onto 
a given state. Thus the method is ideal for 
calculations of the Raman scattering, with the 
projected state the polarizability censor found 
above (22), The resulting calculation is really 
just a spectral density of states computation, 
and the detailed method of application of the 
recursion technique to such problems has been 
discussed by Davis ( 6 ), 

The phonon states are modeled by a simple 
Born-vor. Karman model wich first- and 
second-nearest-neighbor force constants; i.e., 
by the eigenvalue equation for the 
eigenfrequencies 

M(n,o) u(n,c) - 

“n’ ,o' !“< n ' ,o')-u(n,<7)). 

Here the F's are token co be the most general 
force constant matrices consistent with the 
point group symmetry of atom n,o, and JHn.o) is 
its mass. The force constant matrix contains two 
independent parameters for nearest-neighbors, 
and three for second-nearesc-neighbors (9-12). 
There are no long-ranged forces in this model, 
and so t.ne usual Lyddane- .chs-Teller splitting 
of the longitudinal and transverse optical modes 
as tero crystal moment'ja var shes. Following 
earlier work ) 11 . 12 ), we use the force constants 
of GaAs and treat the alloy disorder as 
occurring exclusively i.- the mass matrix. 

5. Illustrative Results and Conclusions 

The calculated one-phonon absorption Raman 
spectrum for InQ jGsq jAs^, . Sbg 5 at room 
temperature is plotted in’Fir three curves 
are displayed, correspond!<. to three possible 
correlations. The throe pea... n the curves are 
cue to In-Sb (heavy-heavy,. In-As and Ga-Sb 
(heavy-light), and Ga-As (light-light) bonds. 
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Fig. 1. Theoretical Raman spectrum i xv xv 
for anci-Scokes scaccering ac room cemperaturfe 
in Ing <;Cag ; Asg jSbg 5 . The chained curve is 
for Ga”and'\s nearesc-neighbors 25% of the tine 
(i.e., r.o correlations), the solid curve 34%, 
and the dashed curve 16%. 


respectively. The dotted curve corresponds to no 
correlations; i.e., the allowed types of atoms 
are placed randomly on each site. The solid 
curve corresponds to more Ca-As and In-Sb bonds, 
and the corresponding peaks are higher while the 
central one is lower. (This is the actual 
situation according to the extended x-ray 
absorption fine structure experiments (1 ].) The 
dashed curve corresponds to more In-As and Ga-Sb 
bonds, and shows a higher central peak and 
reduced side ones. This is qualitatively as 
expected: the area under any given peak is 
roughly proportional to the number of bonds of 
the corresponding type(s). as is true for the 
corresponding peaks i: the density of states. 

However, the relative areas under different 
peaks depend quantitatively on a number of 
factors, and differ markedly from the 


TONAL ALLOYS 4j 

corresponding areas for the density of states 
curves. First, there are various teaks in the 
density of states (at lower energies, in 
particular) that are Raman forbidden and do not 
show up at all in the Raman spectra. Second, the 
relative areas under different peaks are 
affected by the ra"io of the phonon energy to 
the temperature. Third, the relative areas 
depend on the projection of the states onto the 
optical state of zero crystal momentum. This 
depends primarily on the ratio of the peak 
separation to the optical bar.d-vidch (of the 
pure material), and explains the redu-tion in 
site of the lower-frequency peaks j 2 ). 

These considerations are important in 
attempting to determine the near-neighbor 
correlations from Raman data. Until now, 
experimentalists have, in the absence of any 
theoretical calculations for ccararison, tried 
estimate the number or nearest-neighbors of 
different atomic types by comparing the areas 
under the different peaks. While this provides a 
correct orcer-of-magnitude estimate of numbers 
of neighbor pairs, it ignores the factors 
discussed above and therefore does not provide 
accurate estimates of these correlations. The 
techniques described ir. this paper car. be used 
to determine quantitatively the Raman spectra 
for various correlations. These can then be 
compared with experimental results to allow an 
accurate determination of the actual 
correlations [23], 

The present approach allows one to determine 
the effects of clustering and correlations on 
the Raman spectra of III-V alloys, and can 
easily be generalized to predict densities of 
states and spectra of a variety of other alloys. 
The method is not restricted solely to the 
treatment of vibrational properties or to III-V 
alloys, but is generally applicable to a wide 
range of problems in many different 
substitutional crystalline alloys. 
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Studies cfelectrochemicallv etched tungsten scanning tunneling microscope tips, using scanning 
electron microscopy, show ihai (i) the tips are often convoived or bent if the mass of me tungsten 
wire submerged in the etchant is large (an effect ascribed to surface plastic fiow). (ii) bent tips 
nevertheless often produce good quality scanning tunneling microscopy images of Au films in air. 
but (iii) tips, once crashed clumsily into the Au films, no longer produce images. 


I. INTRODUCTION 

In an ideal scanning tunneling microscope, electron tunnel¬ 
ing occurs between the surface being studied and a single 
atom at the end of a sharp tunneling tip. In practice, it is rare 
to prepare tips even resembling the sharp, single-atom ideal. 
Often, in order to obtain scanning tunneling microscope im¬ 
ages from layered compounds, me must first crash the tung¬ 
sten tip into the surface. This initial crash very likely 
“spears" a layer of the material being studied. vvl ich then 
can act as a tunneling tip. For example, scanning tunneling 
microscope studies of layered compounds, such as graphite, 
using tungsten tips suggest that the "tip" may in reality be a 
layer of graphite stuck on the tungsten. 1: Colton </ a!.' and 
Mizes and Harrison 1 have shown rather dramatical!} that 
many of the different images reported for graphite surfaces 
can be obtained by having more than one atom acting as a 
tunneling site In III—V semiconductors. Feenstra and Fein' 1 
have shown that images of defects on the GaAs (110) sur¬ 
face depend on the character of the tip as much as on the 
defect. Biegelsen cl a !. ? ha\e published studies i f tip struc¬ 
tures and have found that ion milling improves the sharpness 
of a tip. removes oxide, and enhances the tip's reliability. 
Clearh the role of the tip and its geometr} in forming scan¬ 
ning tunneling microscope images is incompletely under¬ 
stood. 

In this paper, wc report some elementary studies of tung¬ 
sten scanning tunneling microscope tips. These include stud¬ 
ies of scanning electron microscope images of lips, the de¬ 
pendence of tip geometry on tip etching and growih 
conditions, and the quality of scanning tunneling micro¬ 
scope images obtained from each tip As cur touchstone of 
comparison, we use images of Au films in air. Surface Au 
atoms have., high mobility, forming near!} planar surfaces, 
and the steps on these surfaces are easily visible w ith our 
microscope. We us. Au rather than graphite as our standard 
because gtaphite layers are too easily peeled from the sur¬ 
face We find, not surprising!}, that on.c ocr tips cr tsh into 
the sorfac- of Au, unles< the crash is , atiicr gentle,'' the tips 
no longer produce good images: however, we also find that 
tip geometry, as observed with a scamr: g eleo.-on micro¬ 


scope, can be a deceptive predictor of scanning tunneling 
microscope image quality. In paiticular. some tips can-be 
terribly “bent" or convolved geometrically .::,J yet.produce 
rather good images. 

II. TIP PREPARATION 

Each tip was prepared by placing sexcr.il millimeters of 
the lower end of a tungsten wire f 0.025 in. a.ameter) into an 
aqueous !M NaOH etching solution and applying a 12-'-' 
potential to the tungsten wire (with respect to a stainless- 
stee! electrode inserted into the son*. a: j. The etch was con¬ 
tinued until the submerged portion o. the wire aiopoed off 
into the lath, leaving the usable tip suspended near the It- 
quid/air interface. By electronically monitoring the etc.ung 
current (typically iOmA > with acompaiatoruicui!. li.. 12- 
V potential was shut otTwhen the woe sopaiatcd. This pre¬ 
vented further eur.ing of the tip. After tin 'cparauon. the 
etch voltage was pulsed “ut " for 1 s. to remove any irregu¬ 
larities at the end of the tip. 

In order to prevent unnecessary cchi g. we coveied a 
large portion of the w ire submerged in the solution w al, Tef¬ 
lon insulation. This kept the cut ten! density in the etching 
region approximately constant and permitted oetter deter¬ 
mination of the mass of the submerged pot non of the wire 
(for correlation of tip shape with me mass of the submerged 
portion. See below). 

III. SCANNING ELECTRON MICROSCOPE IMAGES 

The tip .hat we etched gv net ..In exhibited nearly . po¬ 
ll.ntial shapes (Fig. I), rather than me nearly par.molic 
shape'- reported by some authors. We find mat this expo¬ 
nent!..; shape i exults w hen the cm rent .ir.isii,. land hence 
the tc...tion ra.e) is high. We have observed tli.it. with a 
long.r length i f wue < - 1 cm or moi. exposed the et¬ 
chant. the pi oil lev).’the uploaded to become inote p.. 'ohe. 
We have also fi and that mote narahol:. shapes resuit from 
electrochemical etching with ..Uernatu... rather ih.ni airect 
current. 

A number of our tips hud. in add. ion tv« .lie nearly expo- 
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Fig. 1. Scanning eleciron microscopc.image of a pointed tungsten tip The 
tip was etched in an aqueous NaOH solution. Note ihe 100-ptn scale. 

nentiai overall shape, highly convolved or benf poin'ts (Fig. 
2), although such tips had never been allowed contact with 
any surface. By carefully.controlling the etching-conditions, 
we learned that such bent points lend to occur when the niass 
(length) of the tungsten wire in the etchant is large, a condi¬ 
tion indicative of (i) plastic flow of the tungsten wire as the 
tip is formed and (ii) some-recoil of the tip at the instant of 
tip formation, when the wire in the etchant drops off. 

Just before the bottom portion 01 the.wire separates, plas¬ 
tic flow occurs at the narrowest region of the wire when the 
stress induced by the wire’s weight is greater than the yield 
stress. Rough estimates indicate that the weight of several 
millimeters of tungsten wire in the etchant bath is sufficient 
to allow plastic deformation at a necking diameter of about 1 
/am. Furthermore, me mechanical energy stored in the neck 
region of the stretched tungsten '.'.ire is released when the 
wire separates. This energy, although perhaps an order of 
magnitude too small to plastically deform the entire volume 
of the thicker portion of the w tic, is nevertheless sufficient to 
deform small surface regions, leading to tip recoil and bend- 



FlG. 2. Scanning cleci. >n microscope image i-. a conioricd or bem lungMcn 
lip. The contortion i> mil due lo the tip's lu\ mg been clashed, but ralher is 
due lo up deformation during cl. rung. Such benl ups occur when a large 
mass ot wire is siibmeiged in liie cich.mt and are ascribed to iccoil after 
fracture resulting from plasiie delorm ,mn. Note the 10-i/m scale. Note 
also ihe "din" on (he up. residual I .. Hi. 


Fig. 3. Scanning tunneling microscope image of a Au film, laker, using the 
tip of Fig. 1. This is a tunneling current image ov er a 150... 150‘A area of the 
film. Comparable quality images are obtained with both pointed and bent 
tips, provided the tips have not been crashed. 


ing, with the yield stress apparently being exceeded locally at 
certain surface regions. 

The possibility of plastic flow playing a role in the forma¬ 
tion of tips has been raised previously by Muller and Tsong, K 
but those authors ascribed the tip bending to the action of gas 
bubbles. We virtually eliminate such bubbles by usmg a di¬ 
rect-current etch (alternating current produces many bub¬ 
bles), but still obtain bent tips when ihe conditions of signifi¬ 
cant plastic flow ure met. 

IV. SCANNING TUNNELING MICROSCOPE IMAGES 

Surprisingly, the bent or convolved tips often produced 
decent scanning tunneling microscope images—of compara¬ 
ble quality with images prodc 'ed by "poin.ed" lips, such as 
the one in Fig. 3. Subjectively, the pointed ups may have 
produced slightly sharper scanning tunneling microscope 
images, but the variation of image quality for various point¬ 
ed tips was comparable with the differences between images 
for pointed and bent tips. 

In contrast, tips that were crashed clumsily into the sur¬ 
face no longer produced images. 'Controlled and gentle 
crashes, however, car leave the tips capable of forming sub- 
sequent images/’) 

V. CONCLUSIONS 

Thus we conclude that ihe best tungsten tips are formed 
when only a small portion of the wire is suspended in the 
etchant, and tl at the sharpness of a up on the — 10-,um scale 
of. scanning electron microscope image may not be a good 
inductor v fup imagine quality. Neverthcle.-s. as a matter of 
good experimental practice, bent tips should be av otded. and 
so only a small portion of the tungsten wire should be sub¬ 
merged during the etching piocess. 
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Electronic structures.and doping of IriN, In x Gaj_ x N, and In x A1,_ X N 
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The electronic structures of I:»N, In x Gai_ x N, and In x AI|_ x N are predicted and these materials 
are found to be direct-band-gap semiconductors with fundamental band gaps ranging from orsr.ge 
through the blue-green to the ultraviolet. The deep levels associated w-.rh substitutional s- and p- 
bonded impurities are predicted, and, for !nN we find (i) that the native defect responsible for natu- 
rali> occurring /i-type InN a nitrogen vacancy (not N’|„); (ii) that the t.i.rogen vacancy also pro¬ 
duces a deep level just below- the conduction band edge, which is is ponsible for an observed 0.2-cV 
optical-absorption feature: (iii) that p -:yae doping should be achi . able by inserting column-II im¬ 
purities on In sites; (iv) that n-type conductivity should result from oxygen atoms o.< N sites; (v) that 
In A - produces s- and p-like deep levels near midgap that arc responsible for an optical-absorption 
feature near 1 eV; (vi> that column *V impurities on either anion or cation sites will tend to make 
the material semi-insulating, and (vii) th-jt an isoelectronic electron trap should be produced by B )n , 
whereas column-V impurities on the N site should produce deep isoelectronic hole traps. Similar 
results hold for the alloys In x Ga 1 _. t N and In x A!|_ X N. Some impu dries undergo shallow-deep tran¬ 
sitions in the alloys, as functions of alloy composition. 


I. INTRODUCTION 

High-mobility InN has recently been grown in a poly¬ 
crystalline hexagonal stricture. 1,2 The band gap of this 
material is diieet and the optical absorption threshold lies 
in the oiunge portio.. of th*. visible spectrum (the band 
gup plus the Hursteiit shift is 2.05 eV). This is an exciting 
experimental r „.t tor at least two reasons, (i) the high 
mobility M.gv.-sts that electronic-grade material may 
eventually b^ laoricated, and (ii) the orange color indi 
catev that InN and alloy v based on InN could be candi¬ 
dates for efficient semiconducting large-band-gap visible- 
light emitters and lasers. Until now much of the em¬ 
phasis on developing large-band-gap visible solid-state 
light emitters has focused on Il-Vl compound semicon¬ 
ductors, materials that in many cases have proven 
difficult to dope both n type and (especially) p type' and 
hence do in : foim good diodes, m.,eh less light-emitting 
diodes. The origin of the Il-VI compound doping prob¬ 
lem is often ascribed to “self-compensation"—common 
dopants purportedly c istort off site and produce accom¬ 
pany iug v..„aneies which compensate them.’ It is widely 
belieseci that such self-compensation problems do not 
plague 11I-V compound "cmieonductors, and so the ex¬ 
istence of ihe isoanionic semiconductors InN. G..N, and 
AIN, all v ith large band gaps [2 cV lorange). 3.5 eV tul- 
traviolet), and 6 eV (ultraviolet), respectively), raises the 
rossibi'ity of fabricating alloys whose band gaps range 
from the orange to the ultraviolet. 

Assuming that the problem of growing electronic- 
g' ade material can be solved, there will remain five man r 
criteria that the material must meet, d the band gap 
must he the desired color (orange, '.due, etc.); lii; the Land 
gap must be direct so that the crystal-momentum selec¬ 


tion rule governing light emission 5 will be satisfied; (iii) 
the material must be crystalline and, if it is an alloy, must 
be relatively st.ain free—because large strains produce 
dislocations, and dislocations tend to quench lumines¬ 
cence las well as traj and scatter carriers end degrade 
mobility); 6 ' 7 (iv) the materials must oc relatively free of 
deep levels in the band gap that might trap electrons or 
holes, leading tc enhanced nonramative transition rates 
and luminescence degradation, and (v) schemes for dop¬ 
ing the material both n and type- must be found. The 
purpose of this paper is to piovide theoretical guidance 
concerning these five issues, in the heps of stimulating 
efforts io grow electronic-grade InN and InN’-based al¬ 
loys. 

In Sec. II we discuss the band structures of (wurtzite 
InN and alloys of InN and GaN and AIN. We show that 
these alloys can be described by the vj tual-erystal ap¬ 
proximation, have direct band gaps tha, .auge fiom the 
oral ge to the ultraviolet, and should be tdatively strain 
free because they are moderately well lattiee matched. In 
Sec 111 we discuss the deep levels associated with s~ and 
^-bonded substitutional impurities in InN. with particu¬ 
lar emphasis on th.. native d \ ^ts (i.e.. .acaneic; and an¬ 
tisite delectsi and the dopants from columns II. IV, and 
'•’1 of the Periodic Table. Section IV is devoted t > a com¬ 
parable discussion for the alloys. Out conclusions are 
summa. ized in Sec. V. 


II. BAND STRUCTURES 

The band structures are obtained using a nearest- 
neighbor tight-binding model of the eleetiomc sti uetuies, 
bused on the Slater-Roster* theory. The ic'uiung Hannl- 
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for b —a or c (anion site or cation site). The off-diagonal 
matrices are H ui =gAkW u , H 2A = Sl (k)M : 4 , and 
whei. M Vi is 
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A/t.3 is 
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and 

g,(k)= exp(/( —k,a/3+!: 2 a /3 + k 3 c/8)] , 
g 2 (k)= exp[/(A' \a /7> — k 2 a /! + k 2 c /8)] , 
g 3 (k) = exp(-t'3/c 3 c/8) , 

/ 0 (k)= exp (+ik\d )+1 + exp( —ik 2 a) , 
f |(k)= exp( + /k|fl) — [ 1 + exp{ — ik 2 a)]/l , 

/4.(k) = -i[l+ exp( — ik 2 n)] , 

and 

/_(k)=(2) l/2 [ 1 — exp( —ik,a )] . 

Here we have k=A‘,b,+A:,b,+A-,b ; ;b„ where b_,, and 
b 3 are the_reciprocal-la»ice jectors divided by 2-, name¬ 
ly ((2/t / 3)/a,0,0), ((1 /v 3)/a, 1 /a,0), and (0,0,1 /c 
respectively. The parameters of the Hamiltonian for 
AIN. GaN, and InN have been published," !l and are 
reproduced in Table I along with the wurf/ite lattice 


I- - - 

constants a and c, and the c/a "atio. Since the c/a ratio, 
to within 2.1%, is the ideal value of we simplify 

the model by assuming the ideal value. 

The hand structures of the alloys are obtained in the 
virtual-crystal approximation. 12 We implement the 

TABLE I. Tight-binding parameters tin e'»'i for AIN, GaN, 


and InN in the notation of Ref. 12. 
Refs. 9, 10. and 11, respectively. 

Parameters me taken from 


AIN 

GaN 

InN 

Eis.a) 

-12.104 

-13.114 

-4.984 

E(p.a) 

3.581 

1.269 

0.565 

E{s,c) 

-0.096 

-1.786 

0.254 

E(p.c) 

9.419 

7.13! 

3.895 


-10.735 

-9.371 

-3.841 

Kt.v,.v) 

5.808 

3.008 

1.347 

I'uyvi 

8.486 

6.535 

3.033 

l'(\a.pc'i 

8.092 

4.SS9 

1.595 

y ipu.se) 

9.755 

10.867 

4.000 

a 

3.104 

3. ISO 

3.5., 3 

c 

4.963 

5.166 

5.693 

c/a 

1.599 

1.635 

1.611 
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FIG. 1 Predicted band structure of Inn. W )Ga O J oN- The 
direct energy-band gap lies in the blue-green part of the spec¬ 
trum. 


virtual-crystal approximation by taking weighted aver¬ 
ages of the matrix elements. For example, in the case of 
In^Ga^N, we average the various diagonal matrix ele¬ 
ments E, 

£(In v Ga,_ t N)=( 1 —.x)£(GaN)+x£(InN) . 

The otf-diag( :ial matrix elements V, multiplied by the 
square of the bo;;d length d, are also averaged this way 
(according to Ha.oson’s rule lj ), with the bond length ob¬ 
tained from Yegard’s law, 14 

d(ln x Gn^ x N)-(\-x)d(GnN)+xd{lnm . 

Thus we assume that virtually all of the In and Ga atoms 
occupy cation sites, while anion sites are overwhelmingly 


In x Gai- x N 



GaN x InN 

FIG. 2. Energies of principle conduction-band minima vs al¬ 
loy composition for Iri| .^Ga,N. The symmetry points H, K, L, 
\f, .1, and T have the usual Brouckaert-Smoluehowski-Wigner 
definitions (Ref. 15). 



FIG. 3. Energies of principle.conduction-band minima vs al¬ 
loy composition for In ( _ t Al, T N. 


occupied by N. The lattice mismatch, 1— d(GaN)/d 
(InN), is 9.3%; the corresponding mismatch for AIN and 
InN is 12.8%. 12 

The resulting predicted band structure for 
In 060 Ga 0 40 N is given in Fig. 1. In x Ga,_ x N is a direct- 
band-gap semiconductor ior all compositions x, and has a 
band gap ranging from 2 eV for InN to 3.5 eV for GaN. 
The principal features of the predicted band st.uctures of 
In,Ga,_jN and In x Al|_,N, namely the energies of the 
T, A, M, L, K, and H conduction-band minima, 15 are 
plotted as functions of alloy composition x in Figs. 2 and 
3. 

The principal conclusion to be drawn from 'hese calcu¬ 
lations is that In x Ga._ x N and In^Al^N should be 
direct-band-gap semiconductors and hence potential light 
emitters for all compositions x. 

III. DEEP LEVELS IN InN 
A. General considerations 

Every s- and p-bonded impurity produces both deep 
levels associated with its central-cell potential and shal¬ 
low levels caused by any nonzero valence difference be¬ 
tween the impurity and the host atom it replaces (al¬ 
though the “deep” levels often do not lie in the funda¬ 
mental band gap as once believed, but often can be reso¬ 
nant with the host bands). The deep levels can be com¬ 
puted using the theory of Hjalmarson et al . 16 The one- 
electron Schrodinger equation for the deep levels E can 
be rewritten, 

det[l-(7 0 (£)K]=0 , 

where G 0 (£) is the host Green’s-function operator, 
G 0 =(E-H 0 )~' , 

and H v is the Hamiltonian operator that generates the 
band structure of the host. E is assumed to have a posi- 
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tivc imaginary part whenever £ is not in a band gap. The 
defect potential is V=H—H 0 , where H is the Hamiltoni¬ 
an of the crystal with an impurity. 

If we follow established custom 16 and (i) neglect the 
weak long-ranged Coulomb potential responsible for shal¬ 
low levels, and (ii) ignore lattice relaxation around the 
impurity (effects of order 0.1 eV), the defect potential Fis 
diagonal in a basis of localized Lowdin orbitals centered 
at the impurity site, and the secular equation for the ener¬ 
gy levels reduces to two 17,18 scalar equations, 

G Af (E)= l/V s , G E; (E)= l/V p . 

Here, G A (E) and G £ ^(£) are the host Grom's functions 
for the r like A ! and p-like £, states, 17 respectively, and 
V s and V p are the defect potentials for the 5-like and p- 
like states, respectively. 

Using the scaling rules for the matrix elementstof H 0) 
namely that diagonal matrix elements depend on atomic 
energies, whereas off-diagonal matrix elements vary in¬ 
versely as the square of the bond length, 11,13 ' 19 we find 
that 

— /?j(tUy,j m p —UJj.hosl) 

and 

where u^ iinp and tc Jhosl are atomic-orbital energies in the 
solid 19 for impurity and host, respectively. We have 
^j=0.8 and /3 p “0.6. These equations can be solved for 
deep levels of energy £ in the fundamental band gap by 
computing the Green’s function G,(£) and plotting £ 
versus [G,(£)] -1 = I'., 

B. Native defects 

The first question the theory should answer is “Why is 
InN n type?” Tansley and Foley 1 had speculated some 
years ago that the n-type behavior is caused by an antisite 
defect: N on an In site (N tn ), which they had suggested 
might be a double donor. However we find that this de¬ 
fect produces both 5-like and p-like 17 deep levels deep in 
the gap (see Fig. 4)—closer to the valence-band edge 
than to the conduction-band edge. 

The 5-like state is occupied by the two extra N elec¬ 
trons and is too far from the conduction-band edge to be 
thermally ionized—even if one makes allowances for a 
few-tenths-of-an-eV theoretical uncertainty in the pre¬ 
dicted deep levels. The p-like states are far from the band 
edge, empty, and together can trap six electrons. (Of 
course, Coulombic charge-state splitting, omitted from 
the model, will raise these neutral-impurity levels as each 
additional electron is added. 20 ) Thus N !n is a deep trap 
for both electrons and holes, its natural occurrence in 
InN cannot explain the material’s H-type character. 

The In N antisite defect produces deep s-like and p-like 
levels near the center of the gap (Fig. 4). Six electrons oc¬ 
cupy the lowes. of the e.ght spin orbitals associated with 
this defect, m/.ing the neutral defect unquestionably a 
deep trap for both .two) electrons and (six) holes. Thus 
In N can compensate N ln , but does not dope InN either n 


InN 



Va N In N Vo In N ln 


FIG. 4. Energy levels and electron occupancies of neutral na¬ 
tive defects in InN. Holes are denoted by open circles and elec¬ 
trons are denoted by solid circles. For the nitrogen vacancy, 
the electron ! n the level resonant with the conduction band 
decays to the band edge, where it becomes a shallow-donor elec¬ 
tron. The energies of levels resonant with the host bands are 
merely schematic, are not to be taken as quantitative, and are 
merely to illustrate that there are resonances in the bands. 


type or p type. 

Neither antisite defect can explain the observed /i-type 
character of InN. 

The theory for In v does provide a simple and natural 
explanation for the optical absorption data of Tansley 
and Foley: 2 They find a deep level ir ti-type InN. with p- 
like character lying ~ 1 eV below the conduction-band 
edge, which they attribute to an In s antisite defect. Our 
theory (Fig. 4) does seem to be in excellent agreement 
with their data. 

The In-site vacancy Va In (Fig. 4) produces 5-like and p- 
like levels near the valence-band max.mum, with the s- 
like level doubly occupied and the p-like neutral vacancy 
level containing three electrons and three ho!.... The 
theory, taken literally, places the p-like level in the g.ip, 
where it can trap both electrons and holes, and the 5-like 
level in the valence band. (It is conceivable that the p- 
like level actually lies below the valence-band maximum, 
in which case the In vacancy would be a triple shallow 
acceptor, because the holes would bubble up to the 
valence-band edge.) Clearly, the In vacancy cannot ac¬ 
count for the observed n-type character of InN either. 

The N vacancy can (Fig. 4). (Tansley and Foley have 
also speculated that the N vacancy might be the defect 
responsible for the natural H-type chuiacter of InN. 21 ) N 
produces an 5-like level (containing two electrons) near 
the conduction-band i.„ge and a p-like level (containing 
o.ie electron) above the conduction-band edge. Since the 
p-like level is resoiunt, its electron is autoionized, decays 
to the conduction-band edge, and dopes InN n type (one 
ele-iron per vacancy). It is also possible that the 5-like 
deep states he a bit higher than predicted not in the gap) 
and are resonant with the conduction band, donating 
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their electrons to the conduction hand. In this second 
case the N vacancy would be a triple donor. Thus we 
conclude that the N vacancy is most likely responsible for 
the n-type behavior of InN, and is most likely a single 
donor (but possibly donates three electrons to the con¬ 
duction band'. Moreover, the nitrogen vacancy, if it is a 
simple donor with its s-like deep level in the gap just 
below the conduction-band edge, provides a natural ex¬ 
planation of the 0.2-eV feature in the Tansley-Foley opti¬ 
cal absorption data." Thus we propose that the N va¬ 
cancy both dopes InN n type and produces a deep level 
0.2 eV below the conduction-band minimum which has 
been detected in the optical absorption. 

Another defect possibly responsible for the n-type 
character of InN is oxygen on a N site, which is not a na¬ 
tive defect, but is nevertheless likely to be present in 
significant concentrations (Fig. 5). 

C. Dopants 
1. p type 

Since InN occurs n type naturally, the central question 
concerning doping is whether it can be doped p type. If, 
as we predict, InN is naturally n type because of N va¬ 
cancies, then ,'J-type material must be relatively free of 
these vacancies or contain a sufficiently large number of 
acceptors to compensate them. 

The best candidate for an acceptor is a column-II im¬ 
purity on an In site (Fig. 6). Such an impurity will be a 
shallow acceptor in the classic sense. There is a problem 
with ordinary acceptors in I&U, however, because this 
large-band-gap semiconductor should have a moderately 
small dielectric constant, estimated to be e=8.3," and a 
rather large (calculated) valence-band effective mass, 
m* = 1.6, 22 causing the acceptor’s effective-mass-theory 
binding energy to be rather large, ~0.3 eV. Thus unless 
these crude estimates of m*/e 1 are too large by a factor 


InN: N site 



FIG. 3. Energy levels and occupancies of neutral column-VI 
impurities on the N sit- in InN. Electrons are denoted by solid 
circles. All column-Vt impurities on the N site are predicted to 
br donors. The extrj.donor electron is denoted by a solid circle 
in the conduction band. 


InN,GaN,AiN: cation site 



I III 11 III 111 III 8 In 


FIG. 5. Energy levels and occupancies of neutral impurities 
from columns I, II, and III on the cation site and B on the In 
site in InN, GaN, and A!N. Holes are denoted by open circles. 
All column-II impurities on the III site are predicted to yield 
shallow acceptors. Column-I impurities are predicted to yield 
double acceptors. Isoelectronic impurities on the III site are 
predicted to be inert, except for B|„ in InN only, which is pre¬ 
dicted to be a trap. 

of 3 or more, the shallow-impurity binding energy is large 
enough to inhibit thermal ionization of holes at room 
temperature. Ultimately, the fr^t that the shallow- 
acceptor binding energy is so large, not the purported 
difficulty of incorporating shallow acceptors, may be the 
reason InN cannot be fabricated .sufficiently p type. 

Column-IV impurities on the N site will very likely not 
produce shallow acceptors, but instead will produce both 
s-Iike (except perhaps for C) and /t-like deep levels in the 
fundamental band gap—with one hole and five electrons 
in the upper (/7-like) level and two electrons in the 5-like 
level (Fig. 7)—except for Pb, which has its 5-like and p- 
like levels reversed. Thus neutral column-IV impurities 
on N sites are deep traps for both electrons (one) and 



C N Si N Ge N Sn N Pb N 


FIG. 7. Energy levels and occupancies of neutral column-IV 
impurities on the N site in InN. 
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holes (five). 

We also note that the In vacancy, if its /7-like level ac¬ 
tually lies below the valence-band maximum, could dope 
InN / type (see Fig. 4). 

2. n-type 

For n-type doping, the best candidate, other than the 
N vacancy, is oxygen or some other chalcogen on a N 
site. Oxygen produces no deep levels in the fundamental 
band gap, and so is a classic shallow donor (Fig, 5). Neu¬ 
tral S, Se, and Te, in addition to producing the shallow 
donor, each also yield a /-like fully occupied deep level in 
the gap, which is driven up from the valence band be¬ 
cause the s atomic-orbital energies of S, Se, and Te are 
higher than that of N. 23 

Column-IV impurities on the In site are not good can¬ 
didates for donors, since they are predicted to have s-like 
deep levels in the gap, and so, when neutral, could'either 
trap electrons or holes (Fig, 8). The predicted s-like lev¬ 
els for Pb and possibly Sn are close enough to the 
conduction-band edge that, allowing for a small uncer¬ 
tainty in the theory, these levels could lie resonant with 
the conduction band, and so could conceivably lead to 
shallow-donor behavior. 

Thus we predict that the best dopants for InN are 
column-II impurities on the In site for /-type doping, and 
either a vacancy or oxygen on the N site for n-type dop¬ 
ing. Column-IV dopants on either or both sites will tend 
to produce semi-insulating material. 

D. Isoelectronic impurities 

Isoelectronic imp - rilies, namely impurities from the 
same column of the Periodic Table as the host atom they 
replace, are normally thought of as electronically inert. 
Rather spectacular counterexamples to this thinking are 
the N isoelectronic traps in GaAs,P,_ x and 
Al^GajAs alloys, electron traps which play major 
roles in localizing electrons and enhancing the intensity 


of recombination radiation. 

Isoelectronic impurities (unlike heteroelectronic 
donors and acceptors) can often trap one carrier without 
repelling a carrier of opposite sign, as in the case of N,, in 
GaP, which traps an electron—and the electron is subse¬ 
quently able to capture a hole and to form an impurity- 
bound exciton. 

In InN, according to the theory, neutral B on an In site 
produces such an isoelectronic trap, an s-like level slight¬ 
ly below the conduction-band edge (Fig. 6). (The /-like 
level of B is predicted to be resonant with the conduction 
band.) The remaining In-site isoelectronic traps are elec¬ 
tronically inert, according to the theory, with their deep 
levels all being resonant. 

On the N site, the Bi and Sb isoelectronic impurities 
produce both s-like and /-like deep levels in the band gap 
(fully occupied by electrons for the neutral defect) and 
hence are deep hole traps (Fig. 9). Similarly, As and P on 
the N site have (full) /-like deep levels in the gap, while 
their (full) s-like levels lie just below the valence-band 
maximum. They too are deep hole traps. 

One of the interesting features of these isoelectronic 
traps is that they bind one carrier in a localized orbital, 
and so can bind an exciton by binding one carrier which 
binds the second through the electron-hole interaction. 
For example, B, n can bind an electron which, in turn, can 
bind a hole. Similarly, Biv., Sb N , and As s -, or 1\, can 
bind a hole which can attract an electron. By localizing 
an exciton this way, an isoelectronic trap can enhance the 
intensity of the recombination luminescence, because the 
recombination rate for a localized state is generally much 
larger than for a delocalized state. 

E. Other deep 'evels 

Impurities two o; more columns of the Periodic Table 
distant from the host atom the) replace tend to be rather 
insoluble; nevertheless, their solubilities are not zero, and 
we indud. .heir predicted deep levels here for complete¬ 
ness. 



FIG 8 Fiicrgv lev \ .m2 occupancies of neutral eoIunm-IV 
impurities on tiie In site in InN. 


FIG ‘t. Cncrgv L-veN and iM.upuili.les of ncuU.ii isoeie.irtm- 
ic ii.ipn-uies oil the N site in h-N. 





ELECTRONIC STRUCTURES AND. DOPING OF InN,... 


InN: In site 


2.0 


D 

? 1-0 

0) 

c 

UJ 

0.0 




ri'i|S5?£h.? ijV.^ 

aBLaafcsafalasgi 



N 


In 


P In As In Sb In Bi In 


FIG. 10. Energy levels and occupancies of neutral column-V 
impurities on the In site in InN. 



Li N Na N K N 


FIG. 13. Energy levels and occupancies of neutral column-I 
impurities on the N site in InN. 



°l'n S In Se In Te In 


FIG, 11 Energy levels and occupancies of neutral column-Vl 
impurities or. the In site in InN. 



FIG 12, Energy levels and occupancies of neutral column- 
VII impurities on the In site in InN. 



Zn N Cd N Hg N 


FIG. 14. Energy levels and occupancies of neutral column-11 
impurities on the N site in InN. 



B N At N Ga N In N 


FIG. 15. Energy levels and occupancies of neutral column- 
ill impurities on the N site in InN. 
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InN: N s ite 



FIG, 16. Energy levels and occupancies of neutral column- 
Vll impurities on the N site in JnN. 

On the In site column-I and *11 impurities are double 
acceptors and single acceptors, respectively, with their s 
and p deep levels in the conduction band (see Fig. 6). The 
column-V impurities produce deep traps: doubly occu¬ 
pied deep s levels in the gap and empty p levels that are in 
the gap for P ln and As in but in the conduction band for 
Sb| n and Bi., (Fig. ,0). The column-VI impurities (Fig. 
1 li produce doubly occupied s levels deep in the gap plus 
singly occup'td p levels that are deep in the gap, exc.pt 
for Te (which should produce a shallow donor!). The 
halogens. n the In site should produce deep s and p levels 
in the gap Fig. 12). 

On the N site, columns-1, -II, and -III imparities all 
produce 5-like and p-like deep levels in the gap of InN, all 
at about the same energy (Figs. 13-15). Column-VII im¬ 
purities (Fig. 16) are ail double donors, except possibly 
for F, 1 inch the theory predicts to be inert (which, 
within the theoretical uncertain!), may also be a double 
donor). 

IV. DEEP LEVELS IN In x Ga|_,N AND In, A1,_,N 
A. Doping anomalies 

The deep levels in the alloys In v Caj_ x N and 
In,Alj_j,N are similar to those in InN. As functions of 
alloy composition they vary in energy rather smoothly. 
In many cases deep levels that lie in the fundamental 
band gap for InN move out of the gap as a function of al¬ 
loy composition and lie resonant with the host bands of 
GaN or AIN. When this happens, the character of the 
impurity changes te.g., from a deep trap to a shallow 
donor) and a "doping anomaly" occurs. 

There are two common types of doping anomaly: (i) 
false valences, and (ii) deep-shallow transitions. 

False valences occur when, as a function of alloy com¬ 
position. a deep level completely crosses the fundamental 
bund gap. False valences do not occut in ln v Ga,_ v N or 
In 4 Al ( _ x N, but. to understand the concept of a false 
vaLnce, suppose that the s-like le\ el of Si on a cation site 
(Fig. 8) were to descend from the conduction b...td of 


GaN through the gap to the valence band of InN (it does 
not). Then the hole in the deep level wouid bubble up to 
the valence-band maximum, and neutral Si would become 
a single acceptor rather than a deep trap for both elec¬ 
trons and holes, and would have a false valence of — I in¬ 
stead of its normal valence (+1) with respect to the 
column-111 cation. The reason false valences do not 
occur in In A Ga ( _^N or In^A^-.N is that the vacancies 
have both s-like and p-like levels n. or very near the fun¬ 
damental band gap (Fig. 4). Since the vacancies corre¬ 
spond to infinite defect potent, a Is, 2,1 they separ. te the im¬ 
purity levels that originate from the conduction band 
with finite defect potentials from those that come from 
the valence band—and, if the vacancy levels lie in the 
gap for all alloy compositions, prevent impurity icvels 
from crossing the gap. 

Deep-shallow transitions occur when a deep level in 
the gap moves out of the gap (as a function of.v). C' sid- 
er, as an example, a column-IV impurity such as Si on a 
cation site in In v Ga,_ A .N. In InN, neutral Si on an ! n 
site produces an s-like deep level in the gap occupied by 
one electron and one ho'e (Fig. 8). Therefore i .utral Si|„ 
is a deep electron and h ile trap in InN, but in GaN or 
AIN, Si on ; cation site produces n s-like level degen¬ 
erate with the conduction band (Figs. 17 and 18). The 
electron that occupied this level in InN is autoiomzed in 
GaN or AIN and falls to the conduction-band edge 
(where the long-ranged Coulomb potential omitted .n this 
paper traps the electron in a shallow -donor state). As a 
result cation-site Si in GaN or AIN i: a shallow-d utor 
impurity; its ground state has the extra electron in a 
shallow level (whereas in InN this extra electron occupies 
a deep level). For some intermediate alloy composition 
between InN and GaN. the deep level of Si ln in InN 
passes tluough the conduction-band edge, and the Si im¬ 
purity changes its character from a deep trap to a shallow 
donor (Fig. 19). 

The predicted dependences on alloy composition x of 
substitutional deep levels in ln x Ga,_ x N are displayed in 
Figs. 19-22. 


GaN: Ga site 



Si Ga G6 Ga Sr &a Pb Ga 


FIG. 17. Energy levels and electron occupancies of neutral 
column-IV impurities on the Ga site in GaN. 










3325 


39 ELECTRONIC STRUCTURES ANT 'OPING OF InN;. 



C A1 Si Al Ge Al Sn AJL pb Al 


FIG. 18. Energy levels and electron occupancies of neutral 
column*IV impurities on the Al site in AIN. 


The principal deep levels for substitutional defects in 
GaN and AIN are given in Figs. 17 and 18 and 23-30, 
The variation with alloy composition x of deep levels in 
In t Al|_ x N is given in Figs. 31-34. In many cases, the 
qualitative level structure for a specific impurity on a 
given site is the same for all alloy compositions of 
In,Ga,_ t N and In,A!|_*N (e.g., for oxygen on an anion 
site), and no deep levels cross either the valence-band or 
conduction-band edge as alloy composition is varied. In 
such cases, the qualitative doping character of the defect 
does not change, although its quantitative energy levels 
do, according to Figs. 19-22 and 31-34. Here we focus 



x 


FIG. 19. A i (5-like) defect levels vs alloy composition x for 
impurities on the cation site in In ( _ x Ga^N. Levels for impuri¬ 
ties from columns V, VI, and VII are completely tilled, levels for 
impurities from column IV have one electron and one hole, and 
levels for isoelectronic impurities are unoccup : ed by electrons. 
Other impurities are acceptors. 



FIG. 20. Ei (p-like) defect levels for impurities on the cation 
site in Ini_,Ga.,N. Only levels for impurities from columns VI 
and VII are partially filled by electrons; other impurity levels 
are unoccupied. 


on those defects whose qualitative characters do change 
with alloy composition, defects that undergo deep- 
shallow transitions. 

B. Native defects 

The antisite defects, N on a cation site and a cation on 
a N site, have the same qualitative level structures in 
GaN and AIN, but a different one in InN (Figs. 4, 23, and 
27). In InN the (neutral) N (ll defect has both a filled (dou¬ 
bly occupied) 5-like level and an empty /7-like deep level in 
the gap. The p-like level is in the conduction band for 
GaN and AIN. Thus N| n is a deep trap for both electrons 



0.0 OS 1.0 

X 


FIG. 21. /I, (5-like) defect levels for impurities on the N site 
in Ini-,Ga,N. All the levels shown are occupied by two elec¬ 
trons. 
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FIG. 22. Ej (/7-like) defect levels for impurities on the N site 
in In,_ t Ga,N. Levels due to impurities which h:re fewer 
valence electrons than N, such as Si, are partially occupied by 
electrons and trap both electrons and holes. Impurities which 
have more valence electrons than N, such as 0, are donors: 
their levels aie completely occupied by electrons and have extra 
electron in the conduction band. 

and holes, whereas neutral N Ga in GaN and N A) are 
deep-hole traps. 

The cation-vacancy p-like level is barely in the gap for 
InN and GaN, and deep in the gap for AIN (Figs. 4, 23, 
and 27), whereas the 5-like level is resonant with the 
valence band for InN and GaN, but in the gap for AIN. 
This vacancy, when neutral, can trap either electrons or 
holes. 

The N vacancy is a shallow donor in InN and GaN 
(Figs. 4 and 23). with its p-like level in the conduction 
band and its 5-like deep level doubly occupied in the gap. 
In AIN the p-like level lies in the gap (Fig. 27), making 
the neutral N vacancy a deep electron trap. 


GcN: N site 



FIG. 24. Energy levels and electron occupancies of neutral 
column-VI impuntics on the N site in GaN. 


GaN: N site 



FIG. 25, Energy levels and electron occupancies of neutral 
column-iV impurities on the N site in GaN. 



FIG. 23. Energy level' and electron oeeupaiuies of neutral FIG. 26. Energy levels atal electron occttpaucie' of neti'-'i 
native defects in GaN. isoelectronic impurities on the N site in GaN. 
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AAN:N site 


FIG. 27. Energy levels and electron occupancies of neutral FIG. 30. Energy levels and electron occupancies of neutral 
native defects in AIN. isoelectronic impurities on the N site in AIN. 


AJIN: N site 


InxAZl-xN : cat ion site A^ 




FIG. 23. Energy levels and election occupancies of neutral FIG. 31. u-!:ke) defect levels for impurities on the cation 

column-VI impurities on the N site >u AIN. site in fn| -A1 V N. 


AAN: N site 


InxA)tl-xN: cation site E, 


-> f v - ■■ 


°N Si N Gs N wn N Pb N 


FIG. 29. Energy levels and election occupancies of neutral FIG. 22. i/t-lihe) defect levels for impurities on the cation 
column-IV impurities on the N site in AIN. site in In ( ( AI V N. 
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FIG. 33. A | (5-like) defect levels for impurities on the N site 
in In^AIjN. 


C. Donors and acceptors 

Column-II impurities on cation sites are ordinary ac¬ 
ceptors in InN, GaN, and AIN (Fig. 6). Column-I impur¬ 
ities are double acceptors. 

Column-VI impurities on anion sites are ordinary 
donors, but S, Se, and Te each have a fully occupied deep 
p-like level deep in the gap for InN, and barely in the gap 
for GaN and AIN. (This level is in the valence band for 
oxygen.) See Figs. 5, 24, and 28. 

Column-IV impurities on a N site each produce a deep 
electron and hole trap due to a p-!ike deep level in the 
gap (occupied by one hole and five electrons for the neu¬ 
tral defect) in InN, GaN, and AIN (Figs. 7, 25, and 29). 
The filled 5-like deep level is also in the gap for InN (ex¬ 
cept for C), but not for GaN or AIN (See Figs. 7, 25, and 
29). 



FIG. 34. E : (p-like) dcfvc' lewis for impurities on the N site 
in I»i ,AI V N. 


Column-IV impurities (except C) on the Ga site in 
GaN and the A1 site in AIN produce shallow donors 
(Figs. 17 and 18). '.n InN (Fig. 8) they produce 5-like 
deep levels in the gap. Indeed, the p-like deep level of 
C 1U even lies well in the gap of InN, while the 5-like levels 
of neutral carbon are predicted to be deep electron and 
hole traps for alloys of InN, GaN, and AIN. 

D. Isoeiectronic defects 

The isoeiectronic defect B on a cation site produces an 
5-like deep level in the gap of I.'.N, but this level is in the 
conduction band of GaN and AIN (Fig. 6). Thus with 
decreasing x in In x Ga,_^N or A1 a G;;._ x N, B undergoe c 
a deep-inert transition (Figs. 19 and 31). (The isoeiect¬ 
ronic impurity has no long-ranged Coulomb potential 
and hence no shallow levels; thus it becomes inert rather 
than shallow when its deep levels are all resonant with 
host bands.) The other column-III isoeiectronic defects 
are inert in InN, GaN, and AIN. 

Column-V impurities on the N site (except N) all pro¬ 
duce occupied p-like levels in the gap and are hole traps 
in InN, GaN, and AIN (Figs. 9, 26, and 30). In addition, 
Bi and Sb in InN have occupied 5-like levels in the gap 
for InN. (These levels descend into the valence bands of 
GaN and AIN.) 

V. SUMMARY 

We have predicted the electronic structures of InN, 
In x Ga|_ x N, and In x Al,__ x N, and find that these materi¬ 
als exhibit direct band gaps ranging from orange to ultra¬ 
violet. We find that the N vacanc.., not the antis,’c de¬ 
fect N |„, is primarily responsible for InN’s n-type charac¬ 
ter as grown. We propose that the nitrogen vacancy is 
also responsible for the 0.2-eV absorption feature and we 
confirm the Tansley-Foley suggestion that In N is respon¬ 
sible for the absorption attributed to the midgap defect 
level. We predict that column-11 impurities on cation 
sites should produce p-type behavior, while coluntn-IV 
impurities should yield semi-insulating propenies. B on 
an In site in InN should produce an isoeiectronic electron 
trap, while column-V impurities on the N site should 
yield hole traps. However, the shallow-acceptor binding 
energy may be too large to permit thermal ionization of 
large numbers of holes, and it may be difficult to prepare 
these materials with high concentrations of positive car¬ 
riers. Various deep-shallow and deep-inert transitions 
occur in the In x Gaj_ x N alloy system. We conclude that 
In ( , 4 ; ) Ga 0 W) N and ln (l S5 A1„ ;; N, if these materials can be 
successfully grown, should produce blue-green lumines¬ 
cence, and should be dopuble, both n type and p type— 
although the shallow-acceptor binding energy ma; be so 
large as to limit the nv. ober of holes in the valence band. 
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The derivatives with respect to hydrostatic pressure are predicted for deep levels associated with 
s- and p-bonded impurities in Si, Ge, AIP, AlAs. AlSb, GaP, GaAs, GaSb, InP, JnAs, InSb, and 
ZnSe. It is shown that by combining data, both for deep levels and for their hydrostatic-pressure 
derivatives, with theory it is often possible to determine (i) the site of the impurity, (ii 1 the symmetry 
of the deep level, and (iii) a quite small number of substitutional s- and p-bonded impurities that 
could be responsible for the data. We use this method to argue that the deep levels observed by Ala- 
dashvili et al. in InSb to lie in the interval between O.i and 0.15 eV above the valence-band max¬ 
imum are pp'banly A, -symmetric levels associated with C in and/or antisite Sb|„ (or levels associat¬ 
ed with defect complexes involving these defects). 


I. INTRODUCTION 

• 

Several years ago, deep levels were defined as impurity 
states in semiconductors whose energies were more than 
0.1 eV from a nearby band edge—namely levels that 
were not thermally ionized at room temperature. More 
recently this definition has been revised as a result of the 
recognition that deep levels can, when perturbed, cease 
being energetically deep in the gap and can actually pass 
into u band where they become resonances. The current 
definition of a deep level is one that is caused by the 
central-cell potential of the defect. 1 In fact, all s- and p- 
bonded substitutional impurities in zinc-blende semicon¬ 
ductors produce typically four such deep levels in the vi¬ 
cinity of the fundamental band gap: one s-like ( A , sym¬ 
metric) and one triply degenerate p-like (7\) level. These 
deep levels, more often than not, are resonances that lie 
outside the band gap, and hence are not “deep" by the 
old definition. 

Despite the fact that various theories of deep levels 
have been developed/ 4 beginning with the classical pa¬ 
per by Lannoo and Lenglart on the levels associated with 
the St vacancy/ the theories generally have not been cap¬ 
able of identifying a particular impurity from the energies 
of its observed deep levels in the fundamental band gap. 
This is due only in part to the fact that the best theories 
of deep levels have theoretical uncertainties of a few 
tenths of an eV for their level predictions. 

Ren ct al. b following the "deep-level pinning" ideas of 
Hjalmarson el air, showed for substitutions; s- and p- 
bonded point defects on a site that all deep levels in the 
band gap with a particular symmetry havs. almos' the 
same wave function—independent of the defect (see Fig. 
1). This notion was confirmed -.-.\perimentally by various 
electron-nucleon double resonance (ENDOR) measure¬ 
ments of deep-level wave functions in semiconductors/" 14 
Thus, no experiment that probes only the valence elec¬ 
tronic properties of a deep level is capable of easily identi¬ 
fying the impurity tesponsible for the level: it is neces¬ 
sary u probe the nucleus [e.g., with ENDO T ‘ (Ref. 71] or 
the core [e.g., with extended x-ray-absorption fine struc¬ 


ture (EXAFS) (Ref. 9)] to achieve such a unique 
identification. 

The situation has been further complicated due.to the 
demonstration by Sankey et al, w that extended substitu¬ 
tional def cts often have almost the same deep-level ener¬ 
gies as their constituent isolated impurities. Thus analy¬ 
ses of observed energy levels are unlikely to reveal even if 
the defect producing the level is a point defect. (This 
complication is also a simplification, because it means 
that theoretically one need consider only isolated defects, 
since defect .complexes have, to a good approximation, 
spectra which are the sums of their constituents' spectra.) 
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FIG. i Indium-s te substitutional defect wave functions in 
InSb are shown as functions of deep energy level The on-site 
wave functioi ( A , .0,1 t!-) in i.se notation of Ref. b and first- 
shell wave functions (.•!,,R .. i!-) (inward-directed hybrids 
(Ref. 6t] and ( /t|,R,.2 t!>) (outward-directed hybrids !Ref. bl] 
are shown by solid, dashed, and dashed-dolled lines, respective¬ 
ly. All these curves are nearly flat and show that the deep de¬ 
fect wave functions depend very little on their energy levels. 
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G n = lE-H\ t i > 

The host Hamiltonian //„ is taken to be the -nearest- 
neighbor empirical t;g 5 '.-binding mode) of Vogl et al. u 
which is a,ien-barid model-capable of describing both the 
chemistry of sp' bonding . nd tin indirect-gap energy 
band structure of semiconductors .such as Si and GaP, by 
virtue of its five-orbital sp'»* basis centered on each sue. 
Expressed formally in terms of 1I’vvdin orbitals'- 
j n,b, R) centered at the atom in uiiit ceb R at site b (b 
denotes anion or cation) the Bloch-like isghi-binding 
basis states are 

| n,6,k) =.*V' 1/2 e ,k-R | n,6,R) . 

R 

Here, n runs over s, s’, and the three p states. In this 
basis, the hirst Hamiltonian is a lOx 10 matrix for each 
wave vector k (see Refs. 14 and 16). By diagonalizing 
this matrix and obtaining its eigenvalues £(k-,A), namely 
the band structure, and its eigenvectors k,/.), namely 
the Bloch states, one can construct the GreenVfunction 
operator 

G„(£)= 2 ( I k./.> < k,A | )/(£ —Elk, a)] . 

k.J. 

The defect-potential matrix V is taken to be diagonal 
and centered solely on the impurity site in the Lowdin 
basis; this approximation is now well established, and 
corresponds to neglecting lattice relaxation around the 
impurity. 2 Coulombic charge-state splittings' 7 are also 
neglected. Since any underlying theory for predicting the 
deep levels of a given impurity is only accurate to a few 
tenths of an eV, the omission of lattice relaxation and 
charge-state splittings doe- not appreciably increase the 
theoretical uncertainty. Following Hjaimarson ct al.. : 
we approximate the diagonal matrix elements of Fon the 
impurity site as 


TABLE I. Exponents pu- (/,/'=.?,/>,.!*) for the bond-length dependencies of the nearest-neighbor 
matrix elements. Exponents p are obtained by fitting the observed pressure dependencies (Table II) of 
the direct b :nd gaps at T, L, and X, and the indirect gaps from L and A', to the valence-band maximum, 
using the least-squares method. ___ 



V 

__ 9._, _ 

9,.a 

Vx.y 

V., 

Si 

3.000 

1.600 

3.825 

2.600 

3.327 

Ge 

4.400 

2,400 

2.300 

2.500 

3.982 

AIP 

2.386 

1.637 

1.521 

1.247 

2.486 

AlAs 

3.205 

1.656 

2.398 

1.706 

3.214 

AlSb 

2.553 

4.249 

1.192 

3.272 

4.469 

GaP 

3.6'>7 

2.S04 

1.630 

2.795 

2.841 

GaAs 

4.144 

2.3-M 

2.220 

2.596 

2.665 

GaSb 

4.Q44 

2.013 

1.634 

2.281 

1.245 

InP 

3.100 

4.443 

3.049 

2.36f 

1.207 

InAs 

2.539 

2.8 i 2 

3.757 

2.825 

3.014 

InSb 

4.012 

2.987 

2.533 

2.751 

3.134 

ZnSe 

1.874 

1.185 

1.838 

1.330 

3.185 


■ This insensitivity of deep impurity levels to the impuri¬ 
ty raises tb. question of how much information can be 
gieaned fron simple electronic measurements of deep lev¬ 
els, such as measurements of their energies and pressure 
derivatives." In this paper, we show that (if we limit 
ourselves to s- and //-bonded substitutional impurities in 
zinc-blende semiconductors) combined measurements of 
a deep level and its change with hydrostatic pressure can 
usually determine both the symmetry of the level and the 
site (anjon or cation site) of its parent impurity. Further¬ 
more, we also show that the' number- of candidates for 
producing a particular deep level in the band gap can be 
reduced in number to only a few—and that' this can be 
done even for impurities in a small-band-gap semiconduc¬ 
tor such as InSb, whose (low-temperature) band gap of 
0.23 eV is smaller than the uncertainty in most theories. 

II. THEORY 

Our theoretical approach is based on the model of elec¬ 
tronic structure of Vogl et a/., 14 the theory of deep levels 
of Hjaimarson et al and the work of Ren cl al ." on 
pressure effects. We note that Ren’s basic approach to 
pressure effects on deep levels in GaAs led to the target¬ 
ing several years ago of oxygen and the antisite defect as 
possible constituents of the defect ELI — and that the 
role of the ..ntisite defect is now generally acknowledged, 
while some (but not all) authors continue to believe that 
oxygen is also a constituent of ELI. Thus the basic 
theoretical approach of Ren et al, has a history of suc¬ 
cess, and we use that approach here for deep levels in 
other zinc-blende semiconductors. 

The deep levels £ are obtained by solving the secular 
determinant 

det[l-C o (£)K]=0 . 

Here, G 0 (E) is the Green’s function, which is real in ihe 
fundamental energy band gap 
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HYDROSTATIC-PRESSURE DEPENDENCIES OF DEEP ... 


TABLE II. Pressure coefficients of zinc-blende semiconductors (in meV/kbar). 


Semiconductor 

dEf /dp 

d£ L /dp - 

dE x /dp 

dE u /dp 

d E X t/dp 

Si 

1.0 

6.2 

3.0 

5.5 J 

-1.5 

Ge 

14.2 

7.8 

5.5 

5.0 

-1.5 

AIP 

1 l.8 h 

5.21” 

—0.62 h 

4.36 h 

— 2.2 h 

AlAs 

I2.6 h 

6.27” 

0.58” 

4.82 h 

~2.5 h 

AlSb 

9.00 

7.5 J 

4.0 J 

6.4 J 

—1.5 

GaP 

10.5 

5.8 

l.S J 

2.1 J 

-1.1 

GaAs 

10.7 

5.0 

4.6 J 

5.5 J 

— I.5 J 

GaSb 

14.7 

7.5 

6.0 

5.0 

-1.5' 

InP 

8.5 

i.y 

4.6 J 

6.8 J 

1.8 J 

InAs 

10.15 

7.0 

i.y 

4.8 J 

— 0.02 J 

InSb 

15.5 

8.5 

6.0 

S.3 J 

-1.1* 

ZnSe 

7.0 

i.y 

-0.3 J 

l;4 J 

-2.0- 


■‘Reference 20. 

h R.-D. Hong, S. Lee, and J. D. Dow (unpublished). 

'Reference 21. All other experimental values are those cited in Ref. 20. 


V x impurity) — to,(host)) , 

=/? /J (ur p ( impurity) — host)) , 
and 

V .=0 , 

where the energies w,U =s or p) are atomic-orbital ener¬ 
gies in the solid, 14 and and [i p are constants (0.8 and 
0.6, respectively 2 ). These approximations to the defect- 
potential matrix of a specific impurity, V , are needed to 
associate a particular deep-level energy E or pressure 
derivative dE/dp with the impurity. They are not neces¬ 
sary to obtain a relationship between dE/dp and E, how¬ 
ever, because this relationship depends only on the ex¬ 
istence of such a matrix V, not on our ability to accurate¬ 
ly predict the numerical values of its matrix elements. 

Hydrostatic pressure does not afreet the defect poten¬ 
tial within the context of the Hjalmarson model, because 
the defect potential does not depend on the bond length, 
It does alter the off-diagonal two-center matrix elements 
of the host Hamiltonian H 0> however, because these ma¬ 
trix elements depend on the bond length d\ 

H u .=Hl,.(d {) /d) u >- . 

Here, Hjj- and H, v U,l'=x, p , and .?*) are the off- 
diagonal matrix elements corresponding to the bond 
lengths d„ and d, respectively, d n is the zero-pressure 
bond length; the finite-pressure bond length d is obtained 
from the hydrostatic pressure p by using Murnaghan's l!i 
equation of state 

p =[B n /(dB n /dp))[(d n /d ) Un " /,,p -1 ] ; 

and x), v are exponents with values near 2, according to 
both Harrison’ 1 * and Vogl et al. H We have obtained, by 
trial and error, sets of exponents »/ u that reproduce rath¬ 
er well the observed deformation potentials or 


hydrostatic-pressure derivatives of the band gaps at T, X, 
and L symmetry points of the Brillouin zone. The ex¬ 
ponents tjij. are presented in Table I, and the experimen¬ 
tal pressure coefficients used to determine them are given 
in Table II. :,UI 

III. RESULTS 

For the tetrahedral ( T u ) symmetry of zinc-blende semi¬ 
conductors, the secular determinant reduces to two scalar 
equations, one fors-Iike /i ( -symmetry deep levels, 

(K,r'= 2 I <i.M|k,A.> | 2 /[£-£(k, 2 .)] , 

ia 

and another for p-like T 2 levels, 

l<PA0|k,A.>| 2 /[£-E(k,iU] . 

kA 

We evaluate the sums using the special-points method 22 
for fixed E, and then graphically determine the defect po¬ 
tentials V that produce a level at that energy. This pro¬ 
cess is repeated for the pressurized semiconductor to ob¬ 
tain dE/dp versus V also. Then the defect potential Kis 
eliminated to yield dE/dp as .> function of E. 

It should be emphasized that there are two levels of ap¬ 
proximation in the theory for the defect-potential matrix 
V\ (i) the diagonal form (with arbitrary matrix elements 
V\ and V p ) which is the only approximation entering into 
the determination of dE/dp as a function of E, and intro¬ 
duces a small theoretica 1 uncertain') of ^0.5 meV/kbar 
into dE/dp; li and (ii) the expressions of V x and V p in 
terms of atomic energies, which are necessary to associate 
a deep level E with a particular impurity (or defect poten¬ 
tial) and introduce an uncertainty in E of about ~0.3 eV. 
Thus, the uncertainty in dE/dp as a function of V, which 
is the combination of these two uncertainties, is consider¬ 
ably larger than the uncertainty in dE/dp as a function 
of E (by typically a factor of 4, as can be deduced, for ex- 
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ample, from Fig. 2). Thus, although the uncertainty in £ 
for a particular defect is comparable with th'e band gap of 
InSb and the uncertainty in dE/dp for that defect is a 
significant fraction of the predicted range of possible 
values for dE/dp, the uncertainty in dE/dp fora particu¬ 
lar level E is considerably smaller, and so that relation¬ 
ship can be used to determine the symmetry of the deep 
level and the site of its parent impurity, even though 
unambiguous determination of the defect, namely, highly 
accurate determination of E( V), is not possible. Here we 
exploit this fact and note that similar elimination of the 
defect potential from the theory of ENDOR and ESR 
spectra of deep levels produced successful and accurate 
theories . 6 

The theoretical uncertainty of -0.5 meV/kbar in 
dE/dp was first arrived at ’ 1 by varying the major ele¬ 
ments of the theory, such as the tight-binding matrix ele¬ 
ments and exponents 77 , over the range of reasonable pos¬ 
sibilities. It has been borne out by experiments for the 
A , deep level of a A' impurity on an anion site in GaP 
(Refs. 12 and 23) and in GaAs (Ref. 24), which have ex¬ 
hibited the predicted pressure coefficients dE/dp. The 
theory can rather accurately predict a derivative dE/dp 
associated with a deep level £, even though it cannot ac¬ 
curately assign an impurity to a given energy. 

. Since the relationship dE/dp versus £ depends on the 
site of the impurity and the symmetry of its deep level, 
comparison of data for dE/dp and £ with theory can 
yield the site of the impurity and the symmetry of its 
deep level. Once the site and the symmetry arc known, 
the number of candidates for producing such a level £ (to 
within a few tenths of an eV) is greatly reduced. 

We illustrate this point for deep levels in InSb, a rna- 


InSb 



MG. 2. Pressure coefficients dE/dp m mcV/kbar for deep 
defect levels >n InSb as functions of thei energies E (in eVi in 
the band gap. The predicted values of dE/dp and E for specific 
impurities on particular sites arc indicated by circles. On the 
sides of the figure are impurities expected to pioducc deep levels 
in the host bands, but within 0.3 e v of the gap. The boxed, 
shaded region corresponds to data of Aladashvili at al. (Ref. 
25). 


terial whose band gap. is smaller than the theoretical un¬ 
certainty. The predicted pressure derivatives dE/dp ar. 
given in Fig. 2 as functions of the deep-level energies £. 
(The estimated theoretical uncertainty in di'./dp is 
roughly 0.5 meV/kbar.) The impurities associated 
theoretically with the deep levels £ are also displayed on 
each curve—although this association is limited by a 
few-tenths-of-an-eV theoretical uncertainty in the energy 
£ of the deep level associated with a specific impurity. 
Therefore we have shown on the sides of the figure those 
impurities (including the vacancy, denoted Va) that 
might have deep levels in the band gap if the theory’s 
deep-level predictions were altered by 0.3 eV. We have 
considered as impurities the atoms from columns IIB and 
III—VIII of the Periodic Table, as well as Li, Na, K, Rb, 
Be, and Mg. 

To illustrate how the theory can be applied to identify 
deep impurities, consider the deep levels observed by Ala¬ 
dashvili et al. 1 * near 0.15 eV in InSb, with pressure 
derivatives of ~ 1 mcV/kbar. These levels (see Fig. 2) 
correspond to either In-site 7\ levels or In-site A, levels 
within the uncertainty of 0.5 meV/kfcar. However, no 
In-site 7\ ievels lie at such energies, to within "'0.3 eV, 
indicating that the only candidates from the set of s- and 
/j-bonded substitutional impurities for producing these 
levels are the In-site A , levels: S, Rn, Se, I, At, C, Te, P, 
As, Po, Sb, Ge, Bi, and Si. Thus we have reduced the 
possibilities to some impurities from Columns IV, V, and 
VI of the Periodic Table on the In site, producing A r 
symmetric levels. 

Two of these defects are very likely to be present in 
InSb: C and Sb. While C is very likely more soluble on 
the In site than Sb, the native antisite defect should also 
be easily formed. In this regard, we note that the concen¬ 
tration of antisite defects should be greatly increased by 
radiation damage, and so such studies of Aladashvili’s 
deep levels should permit identification of the deep im¬ 
purity, if it is indeed an antisite defect. 

The observation of several deep levels near 0.1 eV 
probably is due either to the defects being clustered in 
complexes, or to there being different impurities, such as 
C and Sb with nearly equal deep-level energies. 

In any case, this illustration for InSb shows how- 
hydrostatic-pressure data, when combined with deep- 
level data, can determine the site of the impurity and the 
symmetry of the deep level, while simultaneously restrict¬ 
ing the candidates for producing the deep level to a few 
impurities. 

The predictions for deep impurities for other zinc- 
blende Semico jetors are given in Figs. 3-13. For (he 
most part \ye ,>,id dE/dp larger for cation-site levels than 
for anion-site levels, although this situation can be re¬ 
versed for some (especially 7% symmetric) levels if the 
levels are very near the conduction-band edge. 

We can-understand these calculated results qualitative¬ 
ly by using a defect-molecule model, as shov n in Fig. 14. 
In Fig. 14(a) are shown the In and Sb atomic energy lev¬ 
els. After solid InSb is formed, the atomic energy levels 
become levels in the solid, as depicted in Fig. 14(b), and 
their ordering is different horn in the free atoms, due to 
interaction between atoms Under hydrostatic compres- 
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FIG. 3. Pressure coefficients dE/dp in meV/kbar for deep 
defect levels in InAs as functions of their energies E (in eV) in 
the band gap. 



FIG. A Pressure coefficients dE/dp in meV/kbar for deep 
defect levels in InP as functions of their energies E (in eV> in the 
band gap. 



FIG. 5. Pressure coefficients dE/dp in ffisV/kbar for deep 
defect levels in GaSb as functions of their energies E (in eV> in 
the band gap. 



FIG. 6. Pressure coefficients dE/dp in meV/kbar for deep 
defect levels in GaAs as functions of their energies E (in eV) in 
the band gap. 



FIG. 7. Pressure coefficients dE/dp in meV/kbar for deep 
defect levels in GaP as functions of their energies E (in eV) in 
the band gap. 



VBM Energy (eV) CBM 

FIG. 8. Pressure coefficients dE/dp in meV/k&ar fc>r deep 
defect levels in AlSb as functions of their energies E tin eV) m 
the band gap. 
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FIG. 9. Pressure coefficients dE/dp in ineV/kbnr for deep 
defect levels in AlAs as functions of llieir energies E (in eV| in 
the band gap. 
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FIG. 12. Pressure coefficient* dE/dpAh me'.'/khar for deep 
defect levels in Si ac functions of their energies E (in eV) in the 
hand gap. 



FIG. 10. Pressure coefficients dE/dp in nteV/khar for i..cp 
defect levels in All’ as functions of their energies /J (in eV) in the 
hand gap. 



FIG. M Pressure coefficients Jll/dp in nieV/kb.ti for deep 
defect levels in ZiiSe .is fuiieluins of then eiiugies E iiu cVi in 
the hand gap. 


sion, the interaction between atoms increases, and the 
levels shift as shown by arrows in Fig. 14(b). (In the 
solid, these energy levels are energy levels of a defect mol¬ 
ecule consisting of one atom and its four nearest 
neighbors—and so the levels should be thought of quali¬ 
tatively as representing the center of gravity of the corre¬ 
sponding partial densities of states.) The In 7\ level must 
move up in energy and the Sb A t level must go down, 
due to level repulsion. The nearest-neighbor coupling 
dictates that level repulsion cause the In A t level to 
move up—in the opposite direction of Sb A |, Similarly, 
the Sb 7\ level moves to lower energy. Since the 
valence-band maximum has predominantly Sb T , charac¬ 
ter and is taken to be the zero of energy, the pressure 



VBM Energy (eV) CBM 

I IG. 13. Pressure coefficients dE/dp in meV/kbar for deep 
defect levels in Gc ns functions of their energies k tin eVl in the 
band gap. 
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Bp(Sb) 

e a 'In) 

£ 3 CSb3 


(a) Atom 



JL 

~In 

/ 




- If -Sb A, 

(b) Solid 


FIG. 14. Defect-molecule model foi InSb. la) Atomic energy 
levels '.v and p orbitals) for In and Sb. (b) In the zinc-blende 
crystal symmetry, the atomic energy levels form singlet .4, lev- 
els and triplet 7" ; levels. The shaded region is approximately 
the band gap of InSb. The arrows indicate the expected direc¬ 
tions of movement of these host levels land the impurity levels 
derived from them) when hydrostatic compression is applied to 
the InSb crystal. 


coefficient of the Sb T, levels are small in magnitude. 
The In-site A ,-symmetric impurity levels in the band gap 
have a larger pressure dependence than In-site 7\ levels, 
because the /I, host levels are closer to the gap and 
hence repel impurity levels more. These general rules 
normally govern the pressure dependencies of the deep 
impurity levels—although they are sufficiently qualita¬ 
tive in character that exceptions to them are to be expect¬ 
ed. 

In summary, we have predicted the hydrostatic- 
pressure dependencies of deep levels in 12 semiconduc¬ 
tors and have shown how pressure data can be analyzed 
to yield the site of the deep impurity, the symmetry of the 
deep level, and either the impurity itself or a handful of 
candidates likely to be the impurity responsible for the 
deep level. 
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Dependence on uniaxial stress of deep levels in III-V compound 
and group-IV elemental semiconductors 
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The uniaxial-stress dependences of substitutional s- and p-bonded deep impurity levels in the 
semiconductors AIP, AlAs, AlSb, GaP, GaAs, GaSb, InP, InAs, InSb, Si, and Ge are studied 
theoretically for stresses applied along the [100], [110], and [111] directions. We find that stress ap¬ 
plied along the [110] direction, in particular, causes splittings and shifts of deep levels associated 
with a point defect that can be used (i) to determine uniquely the symmetries of the levels (s-Iike or 
p-like) and (ii) to identify the site (anion or cation) of the associated impurity. 


I. INTRODUCTION 

Substitutional defects in semiconductors give rise to lo¬ 
calized states with energy levels often lying deep in the 
fundamental energy-band gap. Given experimental evi¬ 
dence of such a level, it is difficult to associate the level 
with a specific impurity, based on the energy of the level 
alone, due to the hostlike nature of substitutional impuri¬ 
ty states. Although different impurities have defect po¬ 
tentials that differ by typically 1 to 10 eV, 1 ijjsir deep- 
level wave functions are antibonding and hostlike in char¬ 
acter, with very little amplitude in the impurity cell. As 
a result their wave functions depend very little on the im¬ 
purity and h.’ice the deep energy levels of different im¬ 
purities often lie within a few tenths of an eV of one 
another. 

Since, to a good approximation, the wave functions of 
an j-like (/1|) or p-like (7\) deep level associated with an 
impurity on a specific site (anion or cation) is independent 
of the impurity ,* it i< very difficult to perform an electron¬ 
ic experiment on a deep level that will identify the impur¬ 
ity responsible for it. Experiments that probe the core 
[such as extended x-ray-absorption fine structure (EX- 
AFS) (Ref. 3)] or the nucleus [such as electron-nuclear 
double resonance (ENDOR) (Ref. 4)] are needed for such 
identification. Nevertheless, as we show here, electronic 
experiments that probe the deep level’s energy or wave 
function can determine the 'ite of the associated defect 
and the symmetry of its deep level, and, when informa¬ 
tion from several such electronic experiments is com¬ 
bined, it is often possible to eliminate all but a few impur¬ 
ities as candidates for producing the level. 

In this paper we predict the uniaxial stress depen¬ 
dences of deep levels in semiconductors and show how 
these dependences can be used to facilitate the associa¬ 
tion of specific in'puri'ies with obser\ed deep levels. We 
treat s - and p-bonded substitutional impurities in the 
semiconductors AIP, AlAs, AlSb, GaP, GaAs, GaSb, 
InP, InAs, InSb, Si, and Ge, with the ap;'"" 1 stress in the 
[100], [110], and [II1] directions. 

Deep impurity states are due to the central-cell poten¬ 
tial and are fundamentally different from the well-known 
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shallow levels described by effective-mass theory. 5 Under 
hydrostatic pressure, the shallow levels tend to follow the 
associated band edge: 6 the levels shift in energy ar. 
amount roughly equal to the shift in the associated band 
edge. In contrast, deep levels do not follow the band 
edge. For example, Wolford et al , 7 have shown that the 
conduction-band edge in GaAs rises faster in energy un¬ 
der hydrostatic pressure than the N deep level, At zero 
pressure this level is actually resonant with the conduc¬ 
tion band and emerges into the fundamental energy-band 
gap at a pressure of 22 kbar. The level clearly does not 
follow the conduction-band edge and so is necessarily a 
deep level. (Here, we use the new definition of a deep lev¬ 
el 1 as one caused by the dc r ect’s central-cell potential, 
and not the old definition: a level more than 0.1 eV deep 
in the gap. As a result, we term the s-Hke N ^ ,- 
symmetric level in GaAs deep, although it lies above the 
conduction-band edge.) 

Hydrostatic-pressure measurements can confirm that a 
level is not attached to any nearb ; band edge, and there¬ 
fore is indeed deep. Moreover, Ren et al,* and Hong 
et al . 9 have shown that quantitative analyses of such 
measurements can determine the site, anion or cation, 
and the symmetry, A | (s-like) or T 2 < n -like), for some, 
but not all, deep levels. In contrast to hydrostatic pres¬ 
sure, which merely shifts the energies of the deep levels, 
uniaxial stress cju.>.es ^-symmetric deep levels to split, 
while the orbitally nondegenerate A , levels shift. Hence 
uniaxial stress can be even better than hydrostatic pres¬ 
sure for determining the symmetry of a deep level. More¬ 
over, the size of the uniaxial-stress-induced splittings de¬ 
pends both on the site of the impurity and on the magni¬ 
tude and direction (relative to the crystal axesi of the ap¬ 
plied stress. Hence, analyses of stress-induced deep-level 
splittings can help determine not only the symmetry of 
the level, but also whether the impurity is on the anion or 
the cation site. 

II. THEORY 

Our calculatiu - of the dependencies on uniaxial stress 
of deep levels are based on the theory of Hjalmarson 

7881 ©1989 The Ameri .n Physical Society 
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et al. x and extensions of those theories by Ren et al* 
Our basic approach is to construct an empirical tight- 
binding Hamiltonian fo the stressed semiconductor, 
based on the ideas of Vogl et al . 10 In order to do this we 
must first determine how a particular uniaxial stress 
changes bond lengths in the semiconductor. We consider 
two types of stress-induced changes of atomic positions 
and bond lengths: (i) If there is not a shear strain, the 
changes of the relative positions of all the atoms in the 
crystal are given simply by first-order elasticity theory," 
and (iii if there is a shear strain, “internal displace¬ 
ments" IJ must also be considered. 

In terms of first-order elasticity theory, the change in 
the x coordinate of an atom initially at position 
r=, U 0 J'o.-*o) relative to the origin is 

Ax =f’| [c| 2 — (c,| +2c l2 )n^]x 0 /(c 1 , +2c l2 !(c lt .r C|j) 

~n x n y y 0 /2c u '~n x n t z 0 /2cu j , (1) 

where c (i and c (2 are the longitudinal and transverse 
elastic constants and c 44 is the shear elastic constant. 
Similar expressions hold for other components of the dis¬ 
placement Ar. u Here, the stress is 

P-P(n x ,n y ,n l ) , (2) 

where P is the magnitude of the applied force per unit 
area and n x ,n y ,n. are the cosines defining the direction of 
the applied stress. 

Under uniaxial stress, the Brillouin zone in momentum 
space also changes due to changes in the atomic posi¬ 
tions. In terms of first-order elasticity theory, the change 
in thex component of the wave vector k -ik x ,k y ,k x ) is 


&k x — /*[[ (cu +2c )2 )n; c, 2 ]/c”/(c M +2c 12 )(cn c )2 ) 

+n x n y k tx /2c u ~rn x n.k x /2c i4 j . (3) 

Similar expressions hold for o.her components of the dis¬ 
placement Ak. IJ 

Elasticity theory adequately describes the change in 
positions, due to applied stress, of all the atoms in the 
semiconductor except for the atom at ’he origin [see Eq. 
(1)]. Kleinman 12 pointed out that if we choose the origin 
at the unstrained position of an atom, that atom moves a 
distance proportional to the applied .stress P, when the 
stress invo’vcs shear, as is the case for pressures directed 
along the [110] or [111] axes (but not for the [100] stress). 
Segmuiler and Neyer confirmed Kleinman’s internal- 
displacement prediction for [111] stress in Ge and Si (see 
Figs. I-3).* 4 Under [III] stress, the internal displace¬ 
ment is -£A. t (l.l,l)/l2c„, where P is the magni.ude 
of the stress, e 44 is the elastic constant for shear strains, 
a,' is the lattice constant, and f is Kleinman’s internal- 
displacement paramctei 12 (Fig, 31. Under [110] stress, 
the intern:*.? displacement is (0,0, I )/Sc 44 . 

Harriso*: has calculated Kleinman's parameter for a 
number of zinc-blende III-V compound and group-IV ele¬ 
mental semiconductors, and has found all to be close to 
O.6. 15 Thus we take £=Q.6 for all semiconductors studied 
here. We then compute the nearest-neighbor bond 
lengths a given in Table I ‘see Figs. 1-3), including both 
the effects of first-order elasticity theory and internal- 
displacement theory. 

With the stress-perturbed bond lengths determined 
from first-order elasticity theory and internal- 
displacement theory, it is possible to construct an empiri¬ 
cal tight-binding Hamiltonian for the stressed semicon- 


TABLE I. Relative change in bond lengths, d/d,„ between atoms at the origin (zero-stress) and the 
nearest-neighbor atoms in a zinc-blende crystal structure under stress applied in the [100], (110). and 
(III) directions (see Figs, 1-3), The bulk modulus isdefilied in elasticity theory by B =tCn t2c,;)/3 

Stress Zero-stress position Relatis.- change in 

direction of neighbor bond length d/d. t 


(100) 

Jt*/.( 1,1,1) 

[100) 

~0,.(l,— 1,-1) 

[100) 

l«l.{ — 1,1, — 1) 

(100) 

jo, (-1,-1,1) 

(110) 

* a. 11,1.1) 

[110] 

ja,.(l,- 1,-1) 

[110] 

jo,(-1,1,-1) 

[110] 

jo,(- l.-l.l) 

[111] 

jo,11.1.1) 

[111] 

jo,11,-1,-1) 

[111] 

j a, ( — 1,1, — 1) 

[III] 

!o,( -l.~ 1,1) 


(I -/V9/J) 

(I-/V9/J) 

(\~P /*)/?) 

II-/V9/J) 

(I - (/V9/?)| I + .t/J[( 1 — CJ/2 c 44 ]{) 
(1 - (/ >/ ‘>ff)| 1 — 3#[( I — 42>/2r 44 ];) 
(I -(/>/'>«)[ 1—3ff[(l—f./2c„]|) 
(l -t /*/')«)[ H-3/f [(1 - ?)/2c 44 ]|) 

(. -</V90l|l+-3»{tl-£)/<■„]() 
<i-(P/9fl)|i-0['i+f)/c„;:) 

(i — (/V9s)[ i—y?(t i +f)/c 44 ]i) 

(I t/V9//)|I — fl|l 1 -rf)/c 44 ]|) 
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FIG. I. Schematic illustration of change of atomic positions 
of an impurity and its neighbors, induced by uniaxial stress in 
the [100] direction. Solid (dashed) circles are the positions of 
atoms under zero (finite) stress. Each of the neighbors shift 
closer to the impurity, by the same distance. Each neighbor 
'.Iso shifts closer to another neighbor. The impurity does not 
move under [100] applied stress. The stress causes p-like T t im¬ 
purity levels to split: one state, fij, is directed along the stress 
direction and the other two states (not shown) are perpendicular 
to the stress direction. 


110 


f inita 



FIG. 2. Schematic illustration of change of atomic positions 
of an impurity and its neighbors, induced by uniaxial stress in 
the [110] direction. Solid -.dashed) circles are the positions of 
atoms under zero (finite) stress. Two of the neighbors shift 
closer to the impurity by the same distance and the other two 
neighbors shift very little. The two neighbors that shift also 
shift closer to each other. The impurity displaces in the [00l] 
direction (see text). The stress causes p-like Tj impurity levels 
to split: one state, 6 2 , is directed along the stress direction and 
two states are directed perpendicular to the stress— a, is direct¬ 
ed along the [001] direction and b l is (not shown) directed along 
the [lTO] direction. 


in 



M 


FIG. 3. Schematic illustration of change of atomic positions 
of an impurity and its neighbors, induced by uniaxial stress in 
the [111] direction. Solid (dashed) circles are the positions of 
atoms under zero (finite) stress. One neighbor sh-fts closer to 
the impurity.. The other three neighbors-shift slightly further 
from the impurity and further from each other. The impurity 
displaces in the [TTT] direction (sec text). The stress causes p- 
like Tj impurity levels to split: one state, a ( , is directed along 
the stress direction and two states, e (not shown), are directed 
perpendicular to the stress. 

ductor. Following the ideas of Slater and Kcster, 16 Har¬ 
rison, 17 and Vogl et a/., 11 weuse a ten-band, nearest- 
neighbor model to treat the electronic structure, with an 
spV orbital basis centered on each atomic site. (The sp i 
basis is needed to reproduce the chemistry of the covalent 
bonding; the additional orbital, s', is required to yield 
indirect-gap band structure?, such as those of Si and 
GaP.) In the zero-stress case the model is the same as 
that of Vogl el al„ and has the property that the diagonal 
(on-site) matrix elements depend on the atomic energies, 
but not on the bond lengths. Thus we assume that stress 
does not alter the Hamiltonian’s on-site matrix elements, 
but that the stress-induced bond-angle distortions and 
bond-length changes can be incorporated into the off- 
diagonal matrix elements of the v ogl Hamiltonian by us¬ 
ing the Slater-Koster definitions 16 of these matrix ele¬ 
ments and a generalization of Harrison’s rule 17 for their 
dependence on bond length: for the matrix element be¬ 
tween s and p x states on neighboring states we ’nave 

V u?i = V° Px [cos(9)/cos(0 o )](d o /d) , ‘' , (4) 

with similar expressions for the dependences of the other 
off-diagonal matrix elements on d and 9. Here d Q and d 
are the zero- and finite-stress bond lengths; 0 O and 6 are 
the zero- and finite-stress bond angles relative to the crys¬ 
tal axes, and is the zero-stress matrix element. The 
coefficients T] aB were fitted previously 8,9 to the 
hydrostatic-pressure dependences of the energy-band gap 
and are listed in Table II. With these matrix elements it 
is possible to construct the Hamiltonian H 0 for the 
stressed semiconductor. 
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TABLE II. Exponents y for the bond-length dependence of the nearest-neighbor matrix elements 
[see Eq. (2)] and elastic constants c M , c f2 , and c«. Exponents are taken from Refs. 8 and 9 and elastic 
constants from Ref-17, unless noted otherwise._ _ 



V*.* 

V,. P 

Vx.x 

Vt.y 

V., 

c " 

C, 2 

c« 

AIP 

2.386 

1.637 

1.521 

1.247 

2.486 

(14.12 

6.25 

7.05)* 

AlAs 

3.205 

1.656 

2.398 

1.706 

3.214 

(9.85 

4.44 

4.95 ) b 

AlSb 

2.553 

4.249 

1.192 

3.272 

4.469 

8.94 

4.43 

4.16 

GaP 

3.697 

2.804 

1.630 

2.795 

.841 

14.12 

6.25 

7.05 

GaAs 

A144 

2.341 

2.596 

2.220 

2.665 

11.81 

5.32 

5.92 

GaSb 

2.719 

2.923 

2.119 

1.172 

3.891 

8.84 

4.03 

4.32 

InP 

3.100 

4.443 

3.049 

2.366 

1.207 

10.22 

5.76 

4.60 

InAs 

2.539 

2.812 

3.757 

2.825 

3.014 

8.33 

4.53 

3.96 

InSb 

4.012 

2.987 

2.533 

2.751 

3.134 

6.67 

3.65 

3.02 

Si 

3.000 

1.600 

3.825 

2.600 

3.327 

16.57 

6.39 

7.96 

Ge 

4.400 

2.400 

2.300 

2.500 

3.982 

12.89 

4.83 

6.71 


“Elastic constants for A1P are taken to be the same as those for GaP. We are unaware of any experi¬ 
mental values for AlP. 

b Elastic constants for AlAs are taken from C. Coivard, R. Merlin, M. V. Klein, and A. C. Gossard, 
Phys. Rev. Lett. 45,298 (1980). 


The defect levels are calculated by solving Dyson’s 
equation, 

det(l-G o F)=0 , (5) 

where G 0 'is the host Green’s function and Pis the defect 
potential. The host Green’s-function operator is 

G 0 (£)=(£ —H 0 )~ x . (6) 

The defect potential V is a diagonal matrix with its 
nonzero diagonal matrix elements V s and V p determined 
using the prescription of Hjalmarson ei al . 1 The impuri¬ 
ty levels are computed for both zero stress and finite 
stress. Stress derivatives are then computed at a small 
pressure (P— 0.5 kbar). 18 

While we could plot £ versus V s or V p and (as original¬ 
ly predicted by Hjalmarson et al . 1 ) dE/dP versus the ap¬ 
propriate V, thereby predicting both deep levels and their 
pressure derivatives, it is now well established that the 
theory produces^ very reliable relationships such as E 
versus dE/dP, whereas its absolute predictions of energy 
levels (£ versus V) are less reliable." 1 Therefore we plot 
dE/c'P versus £, while labeling the lines of each figure 
with the impurities whose defect potentials V are predict¬ 
ed to produce deep levels at the energy £. The reason 
that the relationships are so reliable is that they can be 
calculated without knowing the defect potential V pre¬ 
cisely. A difference of only a few eV in the defect poten¬ 
tial can cause a few-tenths-of-an-eV difference in an ener¬ 
gy level in the gap, but the uncertainty in V does not 
affect the relationship between dE /dP and £. Deep-level 
wave functions are typically antibonding and hostlike, 2 
and so. although defect potentials that produce deep lev¬ 
els in the band gap may differ by large amounts, say 
several eV, the energy levels and wave functions of those 
deep levels are much closer to one another—indicating 


that a theory of dE/dP as a function of £ would be free 
of the relatively large uncertainties (associated with the 
approximate value of the defect potential V) to be found 
in a theory of dE/dP as a function of V. 

III. RESULTS 

The predicted uniaxial-stress derivatives dE/dP of 
deep levels in the band gap of AlAs, for stress applied in 
the [100], [110], and [111] directions, are shown in Figs. 
4, 5, and 6 respectively. The pressure coefficients dE/dP 
are plotted as functions of defect energy level (relative to 
the valence-band edge) for all s- and p-bonded impurities 
with levels in the gap. These results are representative of 
the III-V compound semiconductors. 

Note that the signs and the magnitudes of the splittings 
and the shifts depend rather sensitively on the energy of 
the level in the gap, on the site of the impurity, and on 
the direction of the applied stress. 

No simple ordering of pressure derivatives is to be ex¬ 
pected. This is because the pressure derivatives of deep 
levels are sensitive to shifts in pressure of both 
conduction- and valence-band densities of states—as 
pointed out by Hong el al. q for the case of hydrostatic 
pressure (see below.) 

A. Symmetry 

Uniaxial stress shifts the j-like A , levels and splits the 
jP-like 7\ levels, regardless of whether the stress is applied 
along the [100], [110], or [111] axes. For stress along the 
[110] direction, the threefold degeneracy of a 7\ state is 
completely removed, whereas in the [100] and [111] 
directions a threefold-degenerate T 2 state is split into a 
twofold-degener.ae level and a nondegenerate level (see 
below.) This splitting, if it is observed, will distinguish a 
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T 2 level from an A , level. 19 However, the absence of an 
observable splitting is not conclusive evidence for the A | 
character of a level—because the splitting may be too 
small to be resolved. 

There do not appear to be any general rules stating, for 
example, that T z states associated with anion-site impuri¬ 
ties split more than cation-site impurities. Therefore, 
while the splittings may indicate the symmetry of a deep 
level, quantitative analyses of the observed splittings may 
be necessary to determine the site of the parent impurity. 

B. A | -derived states 

For uniaxial stress in any of the directions [100], [110], 
or [111], or for hydrostatic pressure, 8,9 the A x states 
behave similarly for all the semiconductors: these "Uates 
exhibit rather small pressure derivatives of magnitude 
~ 1 meV/kbar, that may be either positive or negative 
(depending on the site of the impurity and the energy of 
the level), and are almost the same for all deep levels in 
the band gap. Hence, to a good approximation, the A j 



FIG. 4. Predicted pressure derivatives dE/dP (in meV/kbar) 
vs deep trap energy E (in eV) for s- and p-bonded substitutional 
point defects in AlAs with uniaxial stress along the [100] direc¬ 
tion. The upper panel is for the A x -symmetric (j-like) states 
and the lower panel is for the 7Vsymmetric (p-like) states. The 
predictions for the cation-site defects are shown as dashed lines, 
the anion-sitc predictions by solid lines. The impurities predict¬ 
ed to produce deep levels of energy E are denoted by circles 
(cation site) and squares (anion site), although allowance should 
be made for these predictions being uncertain by a few tenths of 
eV. A box is used to denote several impurity levels lying close 
in energy (impurities corresponding to the box are indicated). 
Deep levels associated with the followingimpurities are predict¬ 
ed to lie in the conduction band but within the theoretical un¬ 
certainty of the band gap: A x cation site—Ga, In, and Tl; T 2 
cation .ite—Pb, Ga, In, and Tl; /i| anion site—C, Te, P, and 
Po; Ti anion site—N and Cl. Similarly, in the valence band 
near its maximum, one might find the following: A x cation- 
site— F and vacancy (Va); T 2 cation site—vacancy, Hg, K, Na, 
Cd, and Li; A x anion site—K, Na, and Li; T 2 anion site—K, 
Na, Cd, Li, Zn, and Mg. 



FIG. 5. Predicted pressure derivatives dE/dP :in meV/kbar) 
vs deep trap energy E (in eV) for s- and p-bondod substitutional 
point defects in AlAs with uniaxial stress along the [110] direc¬ 
tion. The upper panel is for the A x -symmetric (s-like) states 
and the lower panel is for the r ; -symmetric (p-like) states. The 
predictions for the cation-site defects are shown by dashed lines, 
the anion-site predictions by solid lines. The impurities predict¬ 
ed to produce deep levels of energy E are denoted by circles 
(cation site) and squares (anion site), although allowance should 
be made for these predictions being uncertain by a few tenths of 
eV. A box is used to denote several impurity levels lying close 
in energy (impurities corresponding to the box are indicated). 
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FIG. 6. Predicted pressure derivatives dE /dP (in meVAbar) 
vs deep trap energy E (in eV) for s - and p-bonded substitutional 
point defects in AlAs with uniaxial stress along .the [111] direc¬ 
tion. The upper panel is for the A x -symmetric (s-like) states 
and the lower panel is for the r 2 -symmetric (p-like) states. The 
predictions for the cation-site defects are shown by dashed lines, 
the anion-site predictions by solid lines. The impurities predict¬ 
ed to produce deep levels of energy E are denoted by circles 
(cation site) and squares (anion site), although allowance should 
be made for these predictions being uncertain by a few tenths of 
eV. A box is used to denote several impurity levels lying close 
in energy (impurities corresponding to the box are indicated). 
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FIG. 7. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to A1P along the [100] direction as in 
Fig. 4. Deep levels associated with the following impurities are 
predicted to lie in the conduction band, but within the theoreti¬ 
cal uncertainty of the band gap: A | cation site—Be, B, Sn, Pb, 
Ga, In, and Tl; Tj cation site—Si, Ge, Sn, Pb, Ga, In, and Tl; 
A K anion site—I, At, C, Te, As, and Po; T 2 anion site—F, O, 
N, and Cl. Similarly, in the valence band near its maximum, 
one might find the following: A \ cation site—vacancy, K, Na, 
and Li; T 2 cation site—Hg, K, Na, Cd, and Li; A, anion 
site—K, Na, and Li; T 2 anion site—K, Na, Cd, Li, Zn, and 
Mg. 


FIG. 9. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to A1P along the [111] direction as in 
Fig. 6. 

sponsible for that level occupies a cation site rather than 
an anion site. Hong et cl . 9 have shown how this behav¬ 
ior can be understood for InSb: the pressure derivatives 
of deep levels in the gap of InSb, a material similar to 
AlAs, result from competition between the conduction- 
band states repelling the level downward in energy and 
the valence-band states pushing the level upward in ener¬ 
gy. The valence band is anionlike in character and shifts 


deep levels in the gap appear to be almost “attached” to 
the average valence-band maximum: 18 when stress is ap¬ 
plied, they move in energy an amount comparable (to 
within ±1 meV/kbar) with the shift of the average 
valence-band maximum. 

In general, dE/dP for an A | state of a given deep-level 
energy E in the gap is more positive if the impurity re- 



FIG. 8. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to A1P along the [110] direction as in 
Fig. 5. 



FIG. 10. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to AlSb along the [100] direction as in 
Fig. 4. Deep levels associated with the following impurities are 
predicted to lie on the conduction band, but within the theoreti¬ 
cal uncertainty of the band gap: A t cation site—Pb, Ga, In, 
and Tl; T 2 cation site—Bi, Be, B, Si. Ge, Sn, Pb, Ga, In, and Tl; 
A | anion site—Po, Sb, Ge, Bi, Si, Be, and B; 7\ anion site—F, 
O, N, and Cl. Similarly, in the valence band near its maximum, 
one might find the following: A t cation site—F, vacancy, K, 
Na, and Li; 7% cation site—Hg, K, Na, Cd, and Li; A \ anion 
site—K, Na, and Li; T 2 anion site—Ga, In, and Tl. 
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FIG. II. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to AlSb along the [110] direction as in 
Fig. 5. 


to lower energies under hydrostatic pressure, while the 
conduction band is cationlike in character and shifts to 
higher energies. An impurity on an anion site with a 
deep level in the gap will therefore have an anionlike 
response to pressure: a more negative pressure derivative 
than a cation-site defect with the same deep-level energy. 

C. r 2 -derived states 

Typically (but not always) dE/dP is several times 
larger for the Tyderived states than for the ^(-derived 
states: In general, the results found for AlAs are similar 
both to thos- found previously for GaAs and GaP (Ref. 
2) and to those found here for the other semiconductors. 



FIG. 12. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to AlSb along the (111] direction as in 
Fig. 6. 



FIG. 13. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to GaP along the [100] direction as in 
Fig. 4. Deep levels associated with the following impurities are 
predicted to lie in the conduction band, but within the theoreti¬ 
cal uncertainty of the band gap: A\ cation site—Be, B, Sri, Pb, 
Al, In, and Tl; Tj cation site—Pb, Al, In, Tl, Mg, and Zn; A t 
anion site—At, C, Te, As, Po, Sb, Ge, Bi, and Si; Tj anion 
site—N, O, Cl, and Br. Similarly, in the valence band near its 
maximum, one might find the following: A y cation site—O, F, 
vacancy; 7% cation site—vacancy, Hg, K, Na, Cd, and Li; A\ 
anion site—K, Na, and Li; Tj anion site— Li, Zn, and Mg. 


/. [100] direction 

The point-group symmetry of a substitutional impurity 
in a zinc-blende semiconductor is Tj for zero stress. For 
uniaxial stress applied in the [100] direction this symme¬ 
try is reduced to £> 2 d- S ‘ 19 The s-like A , irreducible repre¬ 
sentation of Tj corresponds to an a, representation of 
.Djj. 20 The p-like T 2 representation reduces (see Fig. 1) 



FIG. 14. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to GaP along the [110] direction as in 
Fig. 5. 
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FIG. 15. Predicted, pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to GaP along the [111] direction as in 
Fig. 6. 

to a nondegenerate b 2 representation (a p-state polarized 
along the [100] direction) and a doubly degenerate e rep¬ 
resentation (p states polarized along the perpendicular 
directions to the [100]), 19 Typically the b 2 states, being 
polarized along the stress axis, are more sensitive to the 
uniaxial stress than the e states, and are also typically 
several times more sensitive to stress than the A ( -derived 
a i states. (This does not mean, however, that experi¬ 
ments finding one level with a larger derivative dE/dP 
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FIG. 16. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to GaAs along the [100] direction as 
in Fig. 4. Deep levels associated with the following impurities 
are predicted to lie in the conduction band, but within the 
theoretical uncertainty in the band gap: A t cation site—Be, B, 
Sn, Pb, Al, In, and Tl; T 2 cation site—S, C, I, Se, P, At, As, and 
Te; A t anion site—Cl, Br, and N; T 2 anion site—F, 0, and N. 
Similarly, in the valence band near its maximum, one might find 
the following: /l, cation site—N, Br, Cl, 0, F; T 2 cation 
site—vacancy and Hg; A t anion site—K, Na, Li, Hg, and Cd; 
T : y'.-an sitp—K, Na Cd, and Li. 



0.0 0 0.75 1.50 

Energy CeV) 

FIG. 17. Predicted pressure derivatives dE/dP vs energy Z 
for uniaxial stress applied to GaAs along the [110] direction as 
in Fig. 5. 

than another can automatically assign the level with the 
large derivative to T 2 symmetry, because there are ener¬ 
gies for which the A , derivative is larger; a more careful 
analysis is needed.) 

Typically, but not always, the e level and the b 2 level 
split from one another, with one level rising and one level 
falling in energy. The b 2 level typically has a derivative 
larger in magnitude than the e level. This behavior is a 
consequence of the following physics: hydrostatic pres¬ 
sure physically is equivalent to stresses applied simultane¬ 
ously in the [100], [010], and [001] directions. Thus these 
levels follow the simple sum rule 18 

Jj;lb 2 )+2^(e) = ^-(hydrostatic) . (7) 

Concentrating on the fact that the uncertainty in the 
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FIG. 18. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to GaAs along the [HI] direction as 
in Fig. 6. 











39 


DEPENDENCE ON.UNIAXIAL STRESS OF DEEP LEVELS IN'... 


7889 



FIG. 19. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to GaSb along the [100] direction as 
in Fig. 4. Deep levels associated with the following impurities 
are predicted to lie in the conduction band, but within the 
theoretical uncertainty of the band gap: A \ cation site—Be, B, 
Sn, Pb, Al, In, and Tl; 7" 2 cation site—S, C, I, Se, P, At, As, and 
Te; A\ anion site—C, Te, P, As, and Po; T 2 anion site—F, 0, 
N, and Cl. Similarly, in the valence band nears its maximum, 
one might find the following: A { cation site—At, I, Se, and S; 
Tt cation site—vacancy, Hg, K, Na, and Cd; A t anion site- 
vacancy, K, Na, Li, Hg, and Cd; T 2 anion site—Hg, K, Na, 
and Cd. 

theory is of order 1 meV/kbar (see the Appendix), one 
can see from Fig. 4 that measurements of the magnitude 
dE/dP for a deep level helps determine both the symme¬ 
try of the level and the site of the associated impurity, in 
cases such that the lines of Fig. 4 are separated by consid¬ 
erably more than this uncertainty. Even when the lines 
nearly coincide, for example, in the case of a level ~0.3 



Energy CeV) 


FIG. 20. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to GaSb along the [110] direction as 
in Fig. 5. 



Energy CeV) 

FIG. 21. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to GaSb along the [111] direction as 
in Fig. 6. 


eV above the valence-band maximum in AlAs, a [100] 
stress would have the same effect on the r 2 -derived 
cation-site b 2 and e states as the /1,-derived cation-site 
a | state. Thus, this impurity could be assigned to the cat¬ 
ion site; however, since T 2 levels may not split very much 
for this impurity (see Fig. 4), the symmetry of the state 
could not be determined by application of [100] stress. 



FIG. 22. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to InP along the [100] direction as in 
Fig. 4. Deep levels associated with the following impurities are 
predicted to lie in the conduction band, but within the theoreti¬ 
cal uncertainty of the band gap: A , cation site—Be, B, Sn, and 
Pb; r 2 cation site—Br, S, C, and I; anion site—vacancy and 
F; Ti anion site—vacancy and F. Similarly, in the valence 
band near its maximum, one might find the following: A t cat¬ 
ion site—0, Cl, Br, and N; T 2 cation site—vacancy and Hg; 
A, anion site—Zn, Cd, Hg, Li, and Na; 7* 2 anion site—Pb, Sn, 
Ge, and Si. 
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FIG. 23. Predicted pressure derivatives dE/dP vs energy £ 
for uniaxial stress applied to InP along the [110] direction as in 
Fig. 5. 

2. [110] direction 

For stress applied in the [110] direction, the orbital de¬ 
generacy of the T 2 levels is completely removed (in con¬ 
trast to the cases of stress in the [100] and [111] direc¬ 
tions, which leave one level doubly degenerate). The 
point group of a [110] stressed zinc-blende semiconductor 
is C 2ll , 20 and the p-like T 2 levels split (see Fig. 2) into lev¬ 
els of symmetry a, (a p state polarized perpendicular to 
the [110] axis and parallel to the [001] axis), 6, (a p state 
polarized along the [110] direction), and b 2 (a p state po¬ 
larized along the [110]-stress direction). The curves 
dE/dP versus E for [110] uniaxial stress are similar to 
those for [100] stress, with one important exception: the 
[110] stress completely splits the T 2 levels and removes 


FIG. 25. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to InAs along the [100] direction as in- 
Fig.4. Deep levels associated with the'following impurities are 
predicted to lie in the conduction band, but within the theoreti¬ 
cal uncertainty of the band gap: / i , cation site—C, Te, P, and 
Sb; T 2 cation site—F, O, and N; A \ anion site—F, O, and N; 
r 2 anion site—vacancy and F. Similarly, in the valence band 
near its maximum, one might find the following: A) cation 
site—Br, Cl, O.arid F; T 2 cation site—vacancy and Hg; A, 
anion site-vacancy and K; T : anion site—Gc. J, In, and fl. 

their degeneracies. This splitting can be used as a.signa- 
ture of a T, 2 level;, thus [110]-uniaxial-stress measurer 
ments are likely to provide the most information about 
the symmetry of a deep level.' 19 

The similarity between the [110]-stress derivatives and 
the [100]-stress derivatives is due.to the similarity of the 
strains caused by the two types of stress. Applied stress 
along,either direction causes two neighbors of the impuri¬ 
ty to shift closer to each other with angular distortions 
and some compression, of the bc>nds (see Figs. 1 and 2). 


no S S«I At CTaPAaPo S b JfiLsi 



FIG. 24. Predicted pressure derivatives dE/dP vs energy E F IG. 2 g. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to InP along the (111] direction as in for uniaxial stress applied to InAs along the [110] direction as in 
Fig. 6. Fig. 5. 
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FIG. 27. Predicted pressure derivatives dE/dP vs energy E 
for uniaxiai stress applied to InAs along the [111] direction as in 
Fig. 6. 

The states directed along the stress, the b 2 state in the 
case of [110] applied stress and the b 2 state in the case 
[100] applied stress, have quite similar stress derivatives, 
as do the states directed perpendicular to the applied 
stress. 

3. [Ill]direction 

For stress along the [111] direction, a f 2 level splits 
into a doubly degenerate e state (p states polarized per- 



■5.01_.—-1 

0.00 0.1S 0.30 

Energy CeV) 


FIG. 28. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to InSb along the [100] direction as in 
Fig. 4. Deep levels associated with the following impurities are 
predicted to lie in the conduction band, but within the theoreti¬ 
cal uncertainty of the band gap: A | cation site—Po, Sb, Ge, Bi, 
and Si; T 2 cation site—vacancy and F; A \ anion site—vacancy 
and F; T 2 anion site—vacancy and F. Similarly, in the valence 
band near its maximum, one might find the following: A t cat¬ 
ion site—N, S, Se, and I; T 2 cation site—Hg, K, Na, and Cd; 

anion site—Li, Na, and K; T 2 anion site—Zn, Li, Cd, and 
Na. 
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FIG. 29. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to InSb alorg the [110] direction as in 
Fig. 5. 


pend'cular to the [111] direction) and an a t state (a p 
state oriented along the direction of the applied stress). 
The point group is C 3 „. 12 The situation for the pressure 
derivatives when the uniaxial stress is applied along the 
[111] direction is different from that of the [100] or [110] 
directions. Within the uncertainty of the theory, the 
curves of Fig. 6 never intersect one another (for impuri¬ 
ties on the same site) and so all T 2 levels in the gap are 
predicted to split under [111] stress—for either the 
cation- or anion-site impurities. Stress applied in the 
[111] direction can always distinguish between an s-lile 
A | impurity state and a /?-like T 2 impurity state, 19 be¬ 
cause the T 2 states have sizable splittings. However, 
such a stress can almost never give the site of the associ¬ 
ated impurity, because the states of the same symmetry 
but associated with different sites have similar values of 
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FIG. 30. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress «tppi,ed to InSb along the [111] direction as in 
Fig. 6. 
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FIG. 31. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to Si along the [100] direction as in 
Fig. 4. Deep levels associated with the following impurities are 
predicted to lie in the conduction band, but within the theoreti¬ 
cal uncertainty of the band gap: A t — Po, Sb, Ge, and Bi; 
7' 2 —O, N, and Cl. Similarly in the valence band near its max¬ 
imum, one might find the following: A, —FandO; Tj — Kand 
Hg. 

dE/dP to within 1 meV/kbar, the uncertainty of the 
theory. 

The [111] stress derivatives dE/dP are quite different 
from the derivatives for stress applied in the [100] or 
[110] directions. The strains between nearest neighbors 
are different under [111] applied stress: the stress directly 
compresses one of the nearest-neighbor bonds and the 
three remaining bonds have angular distortions and ex¬ 
pand slightly (see Fig. 3). Because, to a good approxima¬ 
tion, one bond is compressed while the other three are 
only bent, a large splitting results between the a , states 



FIG. 32. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to Si along the [110] direction as in 
Fig. 5. 
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FIG. 33. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to Si along the [111] direction as in 
Fig. 6. 

directed along the stress and the e states perpendicular to 
the stress. 

IV. OTHER MATERIALS 

The predicted [100]-, [110]-, and [11 l]-stress depen¬ 
dences of deep substitutional impurity levels in the semi¬ 
conductors A1P, AlSb, GaP, GaAs, GaSb, InP, InAs, 
InSb, Si, and Ge are displayed in Figs. 7-36. 21 In gen¬ 
eral, the trends found for AlAs are also found in the de¬ 
fect levels for the remaining zinc-blende III-V compound 
semiconductors. 



0.0 0.4 0.8 

Energy CeV) 


FIG 34. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to Ge alor.g the [100] direction as in 
Fig. 4. Deep levels associated with the following impurities are 
predicted to lie in the conduction band, but within the theoreti¬ 
cal uncertainty of the band gap: A, —Sb, Bi, and Si; T 3 —Cl, 
Br, S, C, and 1. Similarly, in the valence band near its max¬ 
imum, one might find the following: A,—0, Cl, Br; T 3 —K 
and Hg. 
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FIG. 35. Predicted pressure derivatives dE /dP vs energy E 
for uniaxial stress applied to Ge along the [110] direction as in 
Fig. 5. 


V. CONCLUSION 

We have examined the uniaxial-stress dependences of 
deep substitutional impurity levels in the semiconductors 
A1P, AlAs, AlSb, GaP, GaAs, GaSb, InP, InAs, InSb, Si, 
and Ge, for stress applied in the [100], [110], and [111] 
directions. Experiments involving stress in the [110] 
direction should be superior for determining the symme¬ 
try of a deep level and the site of its parent defect: under 
[110] stress the p-like T x levels should always exhibit 
significant splitting, with two sublevels most often mov¬ 
ing to higher energy if the defect occupies the cation site 
or with two levels normally falling to lower energy if the 
defect occupies the anion site. 
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FIG. 36. Predicted pressure derivatives dE/dP vs energy E 
for uniaxial stress applied to Ge along the [111] direction as in 
Fig. 6. 


APPENDIX: THEORETICAL UNCERTAINTY 

We estimate the uncertainty in the theory for dE/dP 
to be ~ 1 meV/kbar. The primary source of uncertainty 
can be traced to the Green’s function, and hence to the 
Hamiltonian matrix and its dependences on bond lengths 
and angles. The contribution by the bond-length depen¬ 
dence to the uncertainty has been thoroughly studied by 
Ren et al . 8 and Hong et al., 9 who varied the Hamiltoni¬ 
an matrix elements over the entire range of reasonable 
values and computed dE/dp for hydrostatic pressure p. 
They deduced an uncertainty of 0.5 meV/kbar, an esti¬ 
mate that has proven to be rather conservative in analy¬ 
ses of data. The angular dependences of the matrix ele¬ 
ments are fixed by symmetry, and so their contributions 
to the uncertainty come exclusively from the fact that the 
physics of a particular nearest-neighbor matrix element, 
for example, inadvertently contains some second- 
neighbor physics. Such contributions also occur with the 
hydrostatic pressure dependences, and so should be con¬ 
siderably smaller than 0.5 meV/kbar. An upper bound 
on the combined uncertainty is thus ~ 1 meV/kbar. 
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Special k points for performing integrals over the Brillouin zone of [001] and [111] superlattices 
are obtained and discussed. If the superlattice period is taken properly, the number of special 
points required in order to reach suitable convergence can be greatly reduced. Twelve and ten spe¬ 
cial points will give the same accuracy for NxM [001] and [111] superlattices, respectively, as 
Chadi’s and Cohen's ten special points for bulk semiconductors, provided we have N -f A/=4n, with 
n an integer. These special points can also be used to calculate the corresponding integrals for 


strained bulk semiconductors. 


I. INTRODUCTION 

In many theoretical investigations involving the elec¬ 
tronic structures of solids, one often needs to calculate in¬ 
tegrals over the first Brillouin zone. Baldereschi 1 and 
Chadi and Cohen 2 suggested that such integrations can 
be accurately approximated by summing over a rather 
small number of special k points in the Brillouin zone, 
with different weights for each point. (Elaborations of 
the special point method have been given by Monkhorst, 
Pack, Chadi, and Cunningham. 3,4 ) For example, ten spe¬ 
cial points give very satisfactory results for the Green’s 
functions of bulk cubic semiconductors. 5 

In this paper we extend the special points method to 
[001] and [111] lattice-matched NxM superlattice such 
as (GaAs) (V (AIAs) iW , determining the special points for 
cases such that A r +M =4 n, where N and M are the num¬ 
bers of two-atom-thick layers of each slab of a superlat¬ 
tice (e.g., Na L /2 and Ma L /2 are the thicknesses of the 
GaAs and AlAs slabs in a [001] GaAs-AlAs superlattice 
period, where a L is the lattice constant of either bulk ma¬ 
terial), and n is an integer. The number of special points 
needed to obtain reasonable accuracy of such integrals 
can be greatly reduced if such a requirement is satisfied. 
In this paper we assume that the two components of the 
superlattice a'; perfectly lattice matched. For [001] 
super- lattices the three-dimensional lattice translation 
vectors can be taken to be the following: {a L / 2)( 1,1,0), 
{a L /2)( 1, -1,0), and te^KO.O.A' +M) for N +M even, 
or (a L /2)[ 1,1,0), (a L /2){ 1. — 1,0), and (a L /2)(0, \,N 
+M) for A'-fiVf odd. For [111] superlattices the corre¬ 
sponding translation vectors are taken to be 
(a L / 2)(1, —1,0), to t /2)(0,1,-D, and (a L /2)(N+M, 
N + A/,0'. We choose the unit of wave vector k and the 
reciprocal lattice vectors G as 2~/a L , and A.,, k 3 , and k 3 
are the three components of the reduced wave vector k in 
the x, y, and z directions 

k={k i ,k 2 ,k i H2tr/a L ) . 
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Since the theoretical formalism is the same for any super- 
lattice consisting of cubic semiconductors, for simplicity 
of presentation, we discuss only zinc-blende GaAs/AlAs 
superlattices. 


II. GENERAL APPROACH 

We follow the general approach of Chads and Cohen 
for generating special points. They begin with one or 
more wave vectors and, by subjecting these wave vectors 
to symmetry operations, generate the special poi..ts. For 
zinc-blende crystals with a face-centered-cubic Bravais 
lattice, they generated ten special points k. based on the 
starting points (y,y,y), (7,7,7), at' 3 (ppy). We see the 
equivalent special points for superlattices composed of 
zinc-blende layers. 

In generating the special points for zinc-blende materi¬ 
als, Chadi and Cohen actually used three types of symme¬ 
try: (i) time-reversal invariance (k and — k are 
equivalent); (ii) point-group symmetry (k and T k are 
equivalent, where T is an element of the point group T d 
for zinc-blende structures 6 ): and (iii) translaiional symme¬ 
try (k and k + G are equivalent, where G ts a reciprocal- 
lattice vector). 

For a superlattice, time-reversal invariance still ap¬ 
plies, but the point-group symmetry is lower (C 2l , for a 
[001] superlattice and C v for a [111] superlattice, insiead 
of T d for the bulk), and the translational symmetry ts 
different: Certainly the reciprocal-lattice vectors in the 
direction of growth are different and some reciprocal- 
lattice vectors in perpendicular directions might be 
changed also for some superlattices. 

At first glance, the reduced symmetry appears to great¬ 
ly increase the number of speck,! |»oim.i needed to obtain 
the same accuracy as obtained by the ten special points of 
Chadi and Cohen. For example, because of the lower 
symmetry of a [001] superlattice, its starting points corre¬ 
sponding to the three bulk generators iy.y.y)- ( 7 > 7 > 7 ), 
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and (A,A,A) are (±A,±j,±A), (±±,±{,± 7 ), and 

(± 7 ,± 7 ,± 7 ), and produce, in principle, 8 3 = 512 special 
points instead of the ten points of Chadi and Cohen. 
Here we show how the number of special points can be 
reduced from 512 to 12 for the [001] superlattice and to 
10 for the [ 111 ] superlattice—provided one restricts 
one’s attention to superlattices of special periods, namely 
NxM superlattices, such that N +M =4 n, with n an in¬ 
teger. 


III. [001] SUPERLATTICES AND STRAINS 


A. Superlattices 


For [001] superlattices, the C 2v , symmetry dictates that 
the starting points corresponding to the bulk ( 7 , 7 ( 7 ) gen¬ 
erator be (4, 7 ,4), (4, - 7 , 7 ), and (4,4, - 4-), with weights 

v. and 7 , respectively. Combining either ( 7 . 7 . 7 ). or 
(A, A, — }) with (± 7 ,± 7 ,± 7 ) for an arbitrary [001] super¬ 
lattice, using the method of Chadi and Cohen, we find six 
special points: Two have weights of -A and four have 
weights of Recombining these six points with 
(±4, ±p ± 7 ) will give 40 points: 24 with weight 737 and 
16 with weight ^ 5 . Repeating this procedure, but start¬ 
ing with ( 71 - 7 . 7 ), yields 64 points, each with weight jjj. 
This gives a total of 40 + 64 + 40= 144 supcrlattice spe¬ 
cial points corresponding to the 10 special joints of bulk 
zinc blende. It is often impractical to use so many special 
points. 

For [001] superlattices with special periods, the 144 
special points can be reduced considerably by invoking 
translational symmetry. For example, consider a GaAs- 
AlAs ^QaAsX^AiAs [001] superlattice such that 
NgsAs+A*aias = 4 m > where n is an integer. (Here, for ex¬ 
ample, N GaM denotes the number of GaAs molecular lay¬ 
ers per slab of GaAs. Hence a 1X1 superlattice consists 
of alternating layers of GaAs and AlAs, and a 2x3 su¬ 
perlattice alternates two GaAs layers and three AlAs lay¬ 
ers.) In this case, the reciprocal-lattice vectors of the su¬ 
perlattice are Gj=( 1, 1 , 0 ), G 2 =( 1, —1,0), and 

G 3 =(0,0, l/2«). Because of the symmetry of this special 
period, any two of the 144 special points (&,, k 2 , k 2 ) 
that have the same values of k t and k 2 coalesce into a 
single special point—reducing the number of distinct 
points to 20. Examination of the remaining symmetries 
reduces this set to 12 special points k, each with weight 
a, denoted by (k,a): 


(I 2. !•!) (A 2 A-A) (Iil-I) 

' 8 1 8 * 8 * 8 '8* 8* 8’ IS'* - s ■ 8 , 8 ’ 16* 1 

(A i A-A) |) J AA) III Ai) 
'8*8 , 8»8 , » V 8 , S*S» 16'* 'I* 8’8* I*'* 


A 3 _ A- A 

>?> S’ 16 
3 I I. I 


L>At (_A i _A-A) 

!> 16 ' * V 8> 8 ’ 8> 8 ' > 

PTf). and ( — 7.7,—7 >tc) • 


B. Strained bulk zinc blende 

One can consider bulk GaAs to be a degenerate form 
of a GaAs-GaAs [001] superlattice. In this case, the su¬ 
perlattice has D 2d symmetry rather than C 2l , symmetry 
(because the former AlAs of the GaAs-AlAs superlattice 
is now GaAs). Either the first six or the last six of the 
special points above (with their weights doubled) could be 
used for the D 2d symmetry, leading to results with the 
same accuracy as the ten special points of Chadi and 
Cohen. Of course, by viewing bulk GaAs :..s a 2x2 
GaAs-GaAs superlattice, the Hamiltonian matrix is four 
times as large as for bulk GaAs, and so evaluating six 
special points for sums involving functions of the larger 
Hamiltonian will be more laborious than evaluating ten 
for bulk GaAs. Therefore it does not make sense to treat 
bulk GaAs as a GaAs-GaAs superlattice, but bulk GaAs 
strained along the [001] direction has D 2d symmetry, and 
so either the first six or the last six of the above 12 special 
points (with their weights doubled) can be used to evalu¬ 
ate integrals over the Briilouin zone for [001]-strained 
bulk GaAs. 


IV. [Ill] SUPERLATTICES AND STRAINS 
A, Superlattices 

For [111] superlattices, the point group is C v , and the 
generators of special points are (7,7,7) and ( — 7,7,7), 
with weights of 7 and 7 , respectively. Combining (7,7,7) 
with (± 7 ,± 7 ,± 7 ) and then (±},±A,±A), we obtain ten 
distinct special points, with weights of £, or 
Starting with (- 4 -, 7, 4 -), we obtain 40 special points with 
weights of yjj or 3 ^, bringing the total number of special 
points to 50. This set can be reduced by considering 
N GiM +(^aias= 4/!, in which case • ’. /4«, 1 /4»i, 1 /4«) is a 
reciprocal-lattice vector. By adding this reciprocal- 
lattice vector, or its negative, to each of the 50 general 
special points, we reduce the number of distinct points to 
20: eight lie in a plane on the superlattice Brillouin-zone 
boundary which is perpendicular to the [ 111 ] direction 
and passing through the point (7,7,7), and 12 lie on a 
parallel plane within the Briilouin zone. Using transla¬ 
tional symmetry with reciprocal-lattice vectors tl,— 1 , 0 ), 
(0,1,-1), and (-1,0,1, together with C 5l , point-group 
symmetry, these 20 points reduce to the following ten dis¬ 
tinct special points k with weights a, (k;a): 

I 3 1 _ i-At (A _i —A-At (A A !• At , 

'?>?’ 8’32'’ 'S’ 8’ 8>32'’ 'S’S’S’S*' 1 

1 7 1 1 • 3 t (1 _A _!• At 

'7’ 7> 8’ 16 # * 's’ 8’ 8* 32 ' * 

1 9 $ _ 1 . a ) ( 7 _ A A- A) 

'7> S’ 7> 16'» ' S’ S’ 8> 32 ' ’ 

1 s 3 ±.±\ (A i _A-At and (—- A,1-A) , 

8 * 8 1 32 ** l 8>8' 8’32'’ d " U V 8> S’ 8’ M 3 


B. Strain 


These special points have been used to compute the 
Green’s functions of superlattices, for energies in the fun¬ 
damental band gaps . 7 


The GaAs-GaAs [111] superlattice has C iv symmetry, 
and so the above ten special points can be used for feat- 
ing Brillouin-zone sums for [11 l]-sirained bulk GaAs. 
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V. CONCLUSION 

Special points for superlattices can be computed using 
the method of Chadi and Cohen. By limiting oneself to 
'•/ecial-period superlattices, such as those for which 
' v g,.as + - v W= 4m » one finds that relatively few special 
points will provide accurate integrals over the superlat¬ 
tice Brillouin zone. We have presented 12 special points 
for NXM [001] superlattices and ten for NXM [1 11 ] su¬ 
perlattices, valid for iV +Xf =4«, where n is an integer. 
However, our general approach can be used for generat¬ 


ing special points'that will produce more accuracy or for 
superlattices that do not satisfy the condition 
<V+:V/=4/i. These same special points obtained for 
/V +;V/ =4/i may be used for Brillouin-zone sums for 
strained bulk zinc-blende material. 
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ABSTRACT 

A formalism is developed for computing charge-state splittings of deep levels 
associated with paired defects in semiconductors and is applied to nearest-neighbor 
substitutional sulfur pairs in silicon. Self-consistent calculations predict a 0.l9eV 
splitting between the deep levels of nearest-neighbor (S.S)° and (S,S) + in Si, in 
good agreement with the experimental value of 0.18eV. Computed ratios of 
hyperfine tensor components also agree with available data. Our results lend 
support to the meso-bonding theory of paired-chalcogen deep levels. 
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SULFUR NEAREST-NEIGHBOR DEFECT PAIRS IN Si 


1. INTRODUCTION 

Sulfur and other chalcogen impurities in Si are 
known to occupy substitutional sites and, when 
present in abundance, form nearest-neighbor pairs 
with deep levels in the fundamental band gap whose 
characters are currently controversial [1-4J. The 
deep level in the fundamental band gap for an iso- 
lated-S impurity in Si is known to have A x or s-like 
character [5], and is pulled down from the conduc¬ 
tion band by the strong (~7 eV) electron-attractive 
defect potential of a S atom (relative to the Si atom 
it replaces). It is somewhat surprising, then, to 
realize that a pair of S atoms, (S,S) produces a deep 
level at higher energy than an isolated-S atom, 
because the additional S defect potential should pull 
levels down in energy. Sankey etal. [2] explained 
this fact by showing that the A, deep level of iso¬ 
lated-S is pulled down in energy so much that it lies 
resonant with the valence band: The (S,S) deep level 
in the gap is derived not from the s-like A, level but 
from the p-like T 2 level of the isolated S defect, 
which for isolated-S lies in the conduction ba.,d, and 
is pulled down into the gap by the defect potential of 
the second S atom. 

In explaining this fact, Sankey etal made an as¬ 
sertion concerning the character of the “molecular" 
wavefunction for the (S,S) deep level in the gap: it is 
meso-bonding, namely an a,-symmetric bonding 
linear combination of the antibonding Tj-symmetric 
wavefunctions of the two isolated-S defects. (The 
r : state is resonant with the conduction band for 
isolated-S, not in the fundamental band gap.) This 
implies that the ^-symmetric (totally) antibonding 
linear combination of the isolated-S .4,-symmetric 
antibonding deep level wavefunctions lies at lower- 
energy. Further evidence supporting the Sankey 
viewpoint has been presented by Hu etal. [4] who 
also concluded that (S,S) is meso-bonding. 

However, Worner etal [3] have interpreted data 
for the nearest-neighbor (Se,Se) + .deep level in the 
gap as evidence for a totally antibonding state: an 
antibonding linear combination of antibonding 
isolated-Se A ,-symmetric deep level wavefunctions. 
(Of course, the characters of the (S,S) and the 
(Se,Se) deep levels should be similar, according to 
all of the theories.) Thus there is a clear disagree¬ 
ment concerning the character of the main chalcogen- 
pair deep level in the gap, between, on the .>ne hand, 
Sankey etal. [2] and Hu etal. [4] who favor meso- 


bonding, and, on the other, Worner etal. [3] who 
propose a totally antibonding state. 

In this paper we present calculations of the charge- 
state splittings of deep levels in the gap of Si associ¬ 
ated with chalcogen nearest-neighbor substitutional 
defects. Our gc il is to determine if those splittings 
can be understood by using a theory in which the 
deep levels are meso-bonding in character—and we 
find that they can. Thus our results lend more sup¬ 
port to the viewpoint of Sankey etal 

2. CHARGE-STATE SPLITTINGS 

The charge-state splitting of a deep level is a many- 
body effect which is zero in ordinary one-electron 
theories. It ir, :I«c difference A£ between the ioniza¬ 
tion energies E of the neutral and charged defects 
(S,S)° and (S,S) + . 

To understand the origin of charge-state split¬ 
tings, first consider the charge-state splitting of 
atomic He. Neutral He has two Is electrons in nearly- 
hydrogenic orbitals described by effective charges 
Zm~ 27/16=* 1.7 [6]. But He + has one Is electron 
in an orbital with an effective charge of 2. The differ¬ 
ence in ionization energies of a Is electron in He and 
He' is (assuming Koopmans’ theorem [7,8j) ap¬ 
proximately the Is orbital energy. Thus, for atomic 
He and for most atoms, the charge-state splittings 
AE are of order 20 eV and are Coulomb energies: 

A£ — 20 eV ~ (e 2 /r). (1) 

where ( e 2 /r ) denotes an appropriate Coulomb 
integral [6], and is of order e 2 /r„, where r iV is the 
average distance between, for example, the two Is 
electrons in He. 

For deep levels in the fundamental band gap of a 
semiconductor that are associated with substitutional 
point-defects such as S in Si, the charge-stale splitting 
is also a Coulomb integral of the approximate order 
of magnitude 

A £ ~ c 2 /zr„ - 0.3 eV. (2) 

This is about two-orders of magnitude smaller than 
in atoms because: {/) the dielectric constant z is of 
order 12 in typical semiconductors (versus unity for 
atoms): and (») the average distance r lv is consid- 
erabh larger (a lattice constant rather than a Bohr 
radius) due to the antibonding character of the deep 
level wavefunctions [9]. In He the Coulomb forces 
cause the two Is e'ectrons to circumnavigate the 
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atom 180° out of phase (classically), and so their 
average separation is of the order of the Bohr radius. 
But the wavefunction of the S deep level in Si is now 
known to be antibonding in character [4,5,9—13), 
and so is not peaked on the S atom but rather on 
adjacent Si atoms. Hence r lv is the average separa¬ 
tion of electrons on different Si atoms neighboring 
the S defect—of order a lattice constant, almost an 
order of magnitude larger than a Bohr radius. 

The charge-state splitting of a meso-bonding (S,S) 
deep level in Si should be somewhat smaller than for 
isolated-S, both because the average inter-electron 
distance r 4V is larger for the “molecular" defectxthan 
for the “atomic” defect and because the “molecular" 
deep level has wavefunctions that are T ; or p-like in 
character, with even less amplitude in the S cells 
than the A x or s-like states of the isolated-S deep 
level. Thus, if the meso-bonding character of nearest- 
neighbor paired-chalcogen deep levels in Si is correct, 
the theory should be able to correctly determine the 
magnitude of the charge-state splitting. 

3. MODEL 

To evaluate the charge-state splitting of a chalcogen 
pair in Si, we employ the Hjalmarson etal. theory of 
deep impurity levels [14] in combination with the 
Haldane-Anderson scheme for introducing Coulomb 
effects (15,16]. This approach has been used suc¬ 
cessfully by Sankey etal. [10] to discuss deep levels 
caused by interstitial impurities in Si, by Vogl and 
Baranowski [17] to treat deep levels of transition- 
metal impurities in semiconductors, and by Lee etal. 
(9] to determine charge-state splittings of deep levels 
associated with substitutional point defects in semi¬ 
conductors. We first repeat the theory of Lee el al., 
which is a self-consistent tight-binding model of deep 
levels, and verify the physics of the model for iso¬ 
lated impurities (while rectifying some numerical 
errors [18]), and then extend the theory to paired 
defects. 

4. THEORY 

4.1, General 

The Hamiltonian //„ of the perfect Si crystal is taken 
to be the one-electron tight-binding Hamiltonian 
of Vogl etal. [19]. Expressed in terms of the tight- 
binding basis states [/, b, k) obtained from the local¬ 
ized orbitals [/, b, S) centered on the 6-th site in the 
unit cell at S: 


|t, 6,k) = A rl?: S s exp(/k-S + /k , v b ) |i,6,S) , (3) 

the Hamiltonian in k-space is: 

tf 0 (k)= l Ub \i,b,k)E(i,b)(i,b,k\ 

+ —[]i,a.k) T(ia,jc) (j, c, k| + h.c.] .(4) 

Here h.c. means Hermitian conjugate, i and / run 
over the basis orbitals, s. p„ p,., p., and s*. and b labels 
one of the two sites in the unit cell of Si (we shall 
refer to the sites as anion (=a) and cation (=c) sites 
to emphasize that the theory for diamond-structure 
Si can be applied to zincblende-structure semi¬ 
conductors as well). The parameters E(i,b) and 
T(ia,jc) are tabulated in reference [19], The eigen¬ 
states of H 0 are the Bloch waves |/z, k) of Si, and the 
eigenvalues £„(k) are the host band structure. 

The perturbed Hamiltonian H describes the (S,S) 
defect, and the defect potential is V »//-//„. The 
Hamiltonians H and H a are similar in form, with the 
localized basis functions for H being (formally) 
Ldwdin orbitals. The defect levels E are the solu¬ 
tions of the secular equation 

det(l-G o (£)V)=0, (5) 

where G 0 (£) is the perfect-crystal Green's function 
operator 

G 0 (£) = (£-//„)-'. (6) 

In cases such that £ is degenerate with a host energy 
band, the boundary conditions are satisfied if we 
replace £ with £+ie, where e is a positive infinites¬ 
imal. The advantage of the Green’s function formalism 
is that the dimension of the secular equation matrix 
is small: the size of the defect matrix V rather than 
the size of the crystal. Determining the defect energy 
levels in this formalism reduces to: (/) constructing 
the host Green's function G 0 (E); (») obtaining 
the defect potential V\ and (Hi) solving the secular 
equation for £. 

4.2. Green’s Function 

The host Green's function is 

G 0 (E) = k) (n, k|]/[£-£*(k)]. (7) 

4.3. Defect Potential 

4.3. J. Symmetry 

The defect potential V is assumed to be a mean- 
field one-electron potential whose value depends on 
the charge-state of the (S.S) defect. The solution of 
the secular equation is facilitated if the range of this 
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potential is minimal. Therefore, we neglect: (/) the 
long-ranged non-central-cell Couiombic parts of the 
defect potential; (//) lattice relaxation around the 
impurities; and ( iii ) matrix elements of the potential 
associated with s* orbitals. These approximations 
have been discussed in other contexts [14], are 
standard approximations for treating deep levels, 
and lead to errors of a few tenths of an eV in pre¬ 
dicted absolute deep level energies [14,19]. Since 
our goal is to understand the physics of charge-state 
splittings, which are differences in deep level energies, 
the errors introduced by these approximations for 
each of the deep levels should, to a large (but not 
complete) extent, cancel in the difference. Concen¬ 
trating on the form of the first-order perturbation 
correction to the energy and using the fact that most 
of the electronic charge in a deep level is distant 
from the defect [5], we estimate the anticipated 
uncertainty in the charge-state splitting as the uncer¬ 
tainty in the absolute energy position of a deep level 
multiplied by the fractional difference in the central¬ 
cell charge densities (See Tables 3 and 4, below.)—of 
order 0.01 eV for (S,S) in Si. Thus the theory of 
charge-state splitting should be qualitatively 
predictive, chemically correct, and quantitatively 
accurate. 

Thus we take the defect potential (in a localized 
Lbwdin orbital basis of s, p x , p,., and p. orbitals) to 
involve only the two S sites and the six neighboring 
Si sites directly bonded to S atoms. Hence the defect 
matrix is a 32 x 32 matrix. The omission of a more- 
distant Si site at R introduces a small error of order 
e : |il/(R)| : v/eR in the absolute deep level energy and 
r 8|»Jj(R)| : o/tf\ or -0.01 eV in the (S,S) charge- 
state splitting, where v is the atomic volume and 
5|4i(R)l 2 is the difference in wavefunctions of the 
charged and neutral defects, and is small. (See 
Tables 3 and 4, below.) The point-group symmetry 
of a substitutional isolated-S defect in Si (or in a 
zincblende semiconductor) is tetrahedral: T d , The 
group of a (S.S) pair oriented along the (111) crystal 
axis is with the vertical reflection plane bisecting 
the (111) bond. (Note that the symmetry is reduced 
to C : , for a (Se.S) paii, for example.) The irreducible 
representations of C„ are a, (o-like), a : (rotation 
about the S-S bond), and e (rr-like). By selecting as 
basis functions the linear combinations of Lowdin 
orbitals that transform according to the irreducible 
representations of C 3l . (See Table 1), the secular 
determinant matrix assumes the form of a direct sum 
matrix 10a,-?.« ; +l0e, and the 32x32 secular 
determinant factors into one 10x10 determinant. 


one 2x2 determinant, and one 20x20 determinant, 
each with the form 

det(l-G 0 V r ) = 0 , (8) 

but involving only matrix elements between the basis 
functions of the irreducible representations. For 
example, the 2x2 equation for ^-symmetric deep 
levels is 

1-(1|G 0 |1>(1M1> - <1|C7 0 |2)(2|V|2> 
-<2|C 0 |1)(1|V|1> 1~(2|G 0 |2> <2| K|2) w 

where |1) and |2) are the basis functions for the a z 
representation listed in Table 1, and we have 

(l\V\l)= (l/6){K(p„R : )+ K(p ( ..R,) + V(p x .R,) 

+ U(p v ,R,) +V(p ; ,R 3 ) + K(p ; ,R 4 )} 

(10a) 

(2|V|2> = (l/6){V(p„R 7 ) + V(p,..R 5 ) + V(p.„R 6 ) 

+ V( Pv ,R 7 ) + V(p..R,) + K(P..,R 0 )} 

(10b) 

Here we have R„ = (0,0,0) and R, = (a L /2)(l.l,l); 
these are the positions of the substitutional sulfur 
atoms in the silicon crystal. The neighboring Si 
atoms are at the positions R- - (aJ2){- 1,—1,1), 
Rj = K/2) (1, -1, -1), R 4 = (aj 2) (-1.1, -1). 
R } = (ajZ) (0,2,2), R 6 = (aJ2) (2.0,2). and 
R 7 = (a L /2)(2.2,0), where a L is the lattice constant 
of the perfect silicon crystal. We have also assumed, 
following Hjalmarson etal. [14], that there is no lat¬ 
tice relaxation and hence that the defect potential is 
diagonal. (Therefore we take V'(p u ,R 1 ) = V(p,(Si)) 
for all p. and l</'<8.) 

Similarly, for a, (a-like) levels we have: 

det D - 0 , (11) 

where, 

10 

D,, = (1 - G 0 V),, = 5,, - I <i|G 0 |/> </|Vl/) (12) 

Here 8 is a Kronecker delta, and |/), with /= 1,2,.... 10, 
are the basis functions for the a, irreducible repre¬ 
sentation (Table 1). If we adopt Hjalmarson’s 
approximations for the potential, we find 

D,'=* ur {i\G 0 \j){i\V\i). (13) 
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Table 1. Basis Functions of the Irreducible Representations for Paired Sulfur Impurities. 
Irreducible 

Representations Basis Functions 

_ 

a\ |s.R 0 >. 

is.R,). 

(1/V3) {|s,R : > + |s.Rj> + |s,Rj}, 

(l/V3){|s,R 5 )-ris.R 6 ) + |s.R 7 )}. 

(l/v's) {| P; . R 0 ) + Ipxi R 0 > + Ip*-. R 0 )}» 

(l/V3){|p ; ,R 1 ) + |p x .R 1 ) + |p l ..R 1 )}. 

(l/V3){| P; .R,> + |p x .^) + | P) .,R 4 >}, 

(l/V3){|p...R 7 > + |p x ,R 5 ) + |p r R 6 >} ( 

(1/V6) {|p I( R 2 ) + |p,. Rj) + |p x , R 4 > + |p,, R*) + |p., Rj) + |p., R 4 >}, and 

( 1 /V 6 ) {|p x , R 7 ) + |p,, Rj) + |p x , R 6 ) + |p„ R 7 ) + |p ; , Rj) + |p., R 6 )} 

(1/V6) {|p„ R,) + |p,, Rj) - |p„ R 4 ) - |p„ R,) - |p„ Rj) + |p ; , R 4 )}. and 

( 1 /V 6 ) {|p„ R 7 ) + |p,, Rj) - |p„ Rj) - |p,. r 7 ) - | P; , r 5 ) + | P; , r 6 )} 

e (I/V 6 ) {2|p x , Rj - |p,, R 0 ) - |p ; , R 0 )}, and 

( 1 /V 6 ) { 2 |p x , Rj) - |p,, R|) ~ |p., Rj)}; 

(l/V 2 ){|p,,R 0 )-|p ; ,R 0 )}, and 
(l/V2){|p,,R l )-|p..,R 1 )}; 

(1/V6) {|s,Rj) - 2|s,Rj) + |s.R 4 ». and 
(1/V6 ){|s,R 7 )-2|s.Rj) + |s.R 4 )}; 

( 1 /V 2 ){|s,R 2 )-|s.R 4 )}, and 
(1/V2 ){|s,R 7 )-|s.R 6 )}; 

(1/V12) {2|p x , Rj) - |p,, R 3 ) + 2|p„ R 4 ) - |p,. R 2 ) - |p., R } ) - |p.. R 4 )}, and 
(1/V12){2 | Pi ,R 7 ) - |p,, Rj) + 2|p„Rj> - |p,,R 7 ) - |p..,R,> - |p ; , RJ}; 
(1/V12) {21p x , R,) - |p,, Rj) - 2|p x , R 4 ) + |p,. R ; ) + |p... Rj) - |p... R 4 )}. and 
( 1 /V 12 ) ( 2 |p x , r 7 ) - |p,. Rj) - 2 |p x , r 6 ) + |p,, r 7 ) + | P; . r } ) - | P; , r 6 )} : 
( 1 /V 6 ) {|p., Rj) - 2|p x , Rj) + |p,, RJ}, and 
(l/V6){|p..,R 7 )-2| Pj ,Rj) + |p,,Rj)}; 

(1/V2){|p..,R ; )-|p,,R 4 )} and (I/V2) {|p..,R 7 > - |p,,RJ}; 

(1/2) {|p,, R ; ) + |p,, Rj)} - |p., Rj) - Ip-, R 4 )}, and 
(1/2) (|p,.R 7 ) + |p r Rj)} - | P; , Rj) - | Pj ,Rj)}; and 
(1/2) {-|p,, R,) + Ip.. R,)} + Ip.., Rj) - | Pl , R 4 >}, and 
(1/2) {-|p v , R 7 ) + |p,, Rj)} + Ip.., R,) - |p.„ Rj)} 


Here we have 

(1|K|1> = V(s.R 0 ) = t'(s,(S)) = <2| V|2) = K(s,RJ, 

0\V\3) = (>/3){K(s.R 2 ) + K(s.Rj) + V'(s,Rj} 

- ^(s,(Si)) = (41^)4), 

(5\V\5) = (VS) {V(p : , RJ 4- V(p x , RJ + V(p v> RJ} 
= K(p,(S)) = <6|K|6>. 

and, for n = 7, 8, 9. and 10. 


<n|Vl/«> = (»/3){V(p.,R : ) + V(p x ,R } ) + V(p r , RJ} 

= K(p,(Si)). (14) 

Here we have K(s.(S)) = K(s.RJ, 

^(P.(S)) = np*.R 0 ). ns.(Si)) = ^s.Rj), and 
K(p,(Si)) = V^.R,), where n is x, y. or z. 

For Tr-like e-states we have a similar secular 
determinant to Equation (13) involving the basis 
states of Table 1, with 
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for m = 9, 10,. 20. (15) 

Similar results hold for the isolated-S defect, with 
the basis functions of Table 2 (See Appendix.) 

4.3.2. Dependence on Mean-Field 

The effective mean-field potential felt by an elec¬ 
tron in a deep level depends on the charge-state >of 
the level, much as in atomic physics the potential and 
orbital energy depend on the atomic charge state. 
For example, in He + the Is electron’s potential is 

Table 2. Basis Functions of the Irreducible Representations for an Isolated Sulfur Impurity 
in Si at the Origin. The Notation is the Same as for Table 1. 

Irreducible 

Representations Basis Functions 

of T a _ 

A x |s,R 0 >, 

(1/2) {|s,R,> + |s,R 2 > + |s,R 3 >, + |s,R 4 >}, and 

(1/V12) {|p„ R|) + |p,, R,> + IPi.R,) - |p„ Rj) - |p,, R 2 > + |p„ R 2 ) 

+ IPx.R}) - lp r R 3> “ IPr.Rj) - |Px.R<) + Ip.v.Rx) - ip.-.Rx)} 

E (1/V24) {2|p r , R,) - |p,, R|) - | P; , R|> - 2|p x , R,> + |p,, R : > - |p„ R,> 

+ 2|p„ R,> + |p,, Rj) + Ip., Rj) - 2|p„ R 4 > - |p,. Rx) + |p... Rx» 
and 

(1/V8) {|p,, R|) - |p„ R,) - |p,, r 2 ) - |p f , Rj) - |p,, r 3 > + | P; , r 3 > 

+ Ip,.Rx) + Ipx.Rx)} 

Tx (1/V8) {|p,, R,) - |p„ R,) + Ip,, Rj) + |P:> Rj) - |p,, Rj) + Ip ; , Rj) 

— Ip.v. R 4> — lp,» Rj)} 

(i/V8){|p„R.) - | Pr , rj + Ip,. Rj) + | p „r,) - Ip„r,) + Ip,.r,) 

“ IPx.Rx) — Ip,.R 4 )} 

(1/V8) {|p„ R,> - Ip,, R,) + |p„ Rj) + Ip,, Rj) - |p„ Rj) + Ip,. Rj) 

- Ipx. R 4 ) - Ip, , R 4 )} 

Tj |p,,R 0 ),|p,,R 0 ), and |p„R 0 ); 

(1/2){|s,R,)-|s,Ri> + |s,Rj)-|s.R 4 )}. 

(1/2)(|s.R,) - |s,Rj) - |s.Rj) + |s.R 4 \}, and 
(l/2){|s.R,) + |s.Rj) - |s,Rj) - |s,R 4 )}; 

(1/2) {|p„ R,) + |p„ Rj) + |p„ R,) + |p„ R 4 )}, 

(1/2) {|p„ R,) + |p,, Rj) + |p,. Rj) + Ip,. R 4 )}, and 
(1/2) {|p,, R,) + |p., Rj) + |p., Rj) + |p„ R 4 )}; and 
(i/Vs) {| Pr r,) + |p,, r,) - |p,. r,> - | p „ r 4 > 

IP:> R|) “ lp,» Rj) “ Ip,, Rj) + IPs, Rx)}, 

0/8) {|p„ R,) + |p„ Rj) - |p„ Rj) - |p„ Rx) 

+ |p., R,) - |p.-> Rj) + |p„ Rj) - |p.. R 4 )}, and 
(1/V8) tip,, R,) - |p„ R,) - |p,. Rj) + |p„ R 4 > 

-HPv.Ri)” Ip,. Rj) + Ip„ Rj) “ Ip,. Rx)} 


<«in«> = (1/6) MPx, Ro) + V(p„ R 0 ) + V(p„ R 0 )} 
= V(p,(S)), 

for n = 1, 2, 3, and 4, and with 

d\V\l) = (1/6) {V(s,R 2 ) + 4V(s,R 3 ) + V(s,R 4 )} 

= V(s,(Si)), 

for 1 = 5, 6, 7, and 8, and 

<m|F|m> = (l/12){4V(Px.Ra) + V(p„R,) 

+ 4K(p„R 4 ) + K(p,,Rj)+K(p 4 ,Rj) 
nPx,Rx)} = nP.(Si)), -1 
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-2e 2 /r, But in He 0 the effective (Hartree) potential 
is -Z c(f e : /f, where Z eff is 1.7 [8]. Haldane and 
Anderson [16] have proposed a simple scheme for 
treating such Coulomb-induced charge-state effects. 

The atomic orbital energies are written 

£(s.or)= £»+(/„ S;-n( s,cr') 

+ ^P~ l ,a«(P (l .ar') (16a) 

and £(p v ,a)=* £ p °+i/ pp 2; (T ./i(p M ff') 

+ i/ }p 2„./t(s,or') , (166) 

where a is a spin index (up or down), v and p<fun 
over x, y, and z, and the prime on the summations 
means that terms with cr = or' and v = p. are excluded. 
The occupation numbers n are either unity or zero in 
atoms. The Coulomb integrals £/„, U i?t and t/ pp , 
together with the orbital energies £° and £®, are 
determined by fitting atomic spectra. (This has been 
done for S and Si by Sankey etal [10].) 

In the Haldane-Anderson scheme, the occupa¬ 
tion numbers for atoms in the solid are allowed to 
assume non-integral values (reflecting the fact that 
the charge is not localized on a single atom). Thus 
there are occupation numbers n(i, oyR) for each 
site, and expressions for the orbital energies analo¬ 
gous to Equations (16a) and (166) at each site. 
(Note that R labels the site, not the unit ceil, and so 
can refer to either an anion or a cation site.) 

The occupation numbers n(i,cr;R) in the defect- 
perturbed soiid are 

/i(/,cr/R) = | /(£)(/,or;R|8(£-//)|/,oyR)d£,(17) 

where /(£) is the Fermi-Dirac function (which, at 
zero temperature is unity for valence band states and 
occupied deep levels in the gap, and zero otherwise). 

The spectral density operator 5 (E-H) is related 
to the perturbed and unperturbed Green’s function 
operators G and G 0 as follows: 

5 {E-H) - (—1/tt) im G 

= (”l/~) Im [G 0 (l —G„V')" 1 ]. (18) 

Thus at zero temperature we have 
f£ u 

n(i,ar; R) = (-1/ir) Im (/, cr, R|G(£)|t, cr, R) 

J-x 

+ 1,1(1,o;Rl%-)l 2 (19) 

where £ v is the valence band maximum and the sum¬ 
mation runs over the occupied bound state: in the 


band gap. The bound states are normalized according 
to the condition [20] 

(^V(d/dE)[G 0 (E)] V\%) = -1. (20) 

Following Hjalmarson etal. [14], the defect 
potential V = H-H 0 is diagonal in a Lowdin-orbital 
basis for the perturbed crystal, with the values 

</, oyR] V\i, a; R> = &[£(/, oy R) - W(i, cr;R)] (21) 

where p, = 0.8 for i = s and (3, = 0.6 for i = p^, p,, 
or p. [14]. W is the value of £ for Si. Thus the defect 
potential depends implicitly on the occupation 
numbers n through Equations (21) and (16), and the 
occupation numbers depend on the defect potential 
through Equations (17), (18), and (19). The differ¬ 
ence between (S,S)"' and (S,S)° comes ultimately 
from the difference in occupation numbers n , which 
are self-consistently determined. We solve this prob¬ 
lem iteratively and find a self-consistent solution to 
the equations. The resulting occupation numbers 
are given in Table 3. As expected, (/) they add to 
(almost) six electrons per S atom and four per Si, 
and (/») they are almost the same for (S,S) + and 
(S,S)°—as was the case for isolated S* and S° [9] 
(See Table 4.). 

5. RESULTS 

5.1. Charge-State Splitting 

The principal result of the calculation is a charge- 
state splitting for (S,S) of 0.19eV that agrees re¬ 
markably well with the experimental value of O.lSeV 
[12,13]. For the isolated substitutional sulfur impurity, 


Table 3. Computed Occupation Numbers n(/,a;R) 
for the (S,S) Defect in Si. 


Occupation Number 

(S,S)° 

(s.sr 

S a /i(s<r;R 0 ) 

2.01 

1.96 


3.86 

3.86 

str;R ; ) 

1.26 

1.26 

-u.a«(P^:R : ) 

2.65 

2.60 

Table 4. Computed Occupation Numbers for the 

Isolated-S Defect in .ii. 


Occupation Number 

(S)° 

(S) + 

2„/t(sCT:R 0 ) 

1.97 

1.92 

^ ( Pu^* ^o) 

3.S4 

3.S7 

2„/i(so-:R|) 

1.25 

1.30 

-n.«7 /I (P^ or :Ri) 

2.64 

2.57 
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we find a charge-state splitting of 0.27 eV, compared 
with the experimental value of 0.30 eV [12,13]. The 
smaller charge-state splitting for the gap deep level 
of (S,S) than the gap level of S is due largely to the 
p-like character of the “molecular" level (which is 
derived from the isolated-S T 2 resonance in the con¬ 
duction band, not from the isolated-S deep level 
in the gap). Because of this p-like character, the 
deep level of (S,S) + has only about 5% of its elec¬ 
tron’s charge on either S site, whereas the s-like A x 
deep level of S + has about 10% of an electron in the 
central cell. (See Tables 5 and 6 .) About 54% of the 
charge lies on the six neighboring Si atoms, with the 
rest being further away from the defect. 

5.2. Charge Densities and Hyperfme Tensor 

Our charge densities are essentially the same as 
those of Sankey etal. [1,2] for (S,S) + and Ren etal. 
[5] for (S) + —and so agree with the data 
[3,11,13,21,22], as those theories do. For sulfur 
pairs Sankey’s wavefunction coefficient 7 , [2,21,22] 
is 0.21 and 0.20 for (S,S)° and (S,S)\ respectively; 
we find 0.18 for both charge states [23]. 

The hyperfme tensor A depends on the contact 
interaction with the nuclei and hence samples the 
deep level’s charge density at the relevant sites. Thus 
the various measured ratios of hyperfme tensor ele¬ 
ments are related to charge densities at the defect’s 
sites, as discussed in detail by Sankey etal. [1,2]. 
We find 

(A r A 1 )/(A t + 2 AJ = 0.016, 

compared with Sankey’s values of 0.015. (These 
small values explain why the experimental hyperfme 
tensor has appeared to be isotropic for such an aniso¬ 
tropic defect.) We are unaware of any measurement 
of this ratio for (S,S) + , but the corresponding ratio 
measured for (Se,Se) + is 0.01 [3]. The comparison 
of theoretical results for (S,S) with data for (Se,Se) 
is appropriate, despite one’s initial impulse to the 
contrary, because the wavefunctions of S and Se deep 
levels in Si are known to be almost the same [2,5], 
due to the antibonding character of the deep levels: 
these levels are Si dangling-bond-like [14]. 

For the ratio of S-site hyperfi.: tensor components 
of the “molecule” (S,S)’ and the “atom” (S) + , we 
find 

A s [(S,S) + ]M f [(S)-] = 0.35, 

in agreement with the experimental value of 0.37 [3]. 
(The same result is obtained for Se and S [3], lending 


Table 5. Computed Electronic Charge Distribution of 
the asymmetric Meso-bonding Deep Level State in the 
Fundamental Band Gap of Si Associated with Nearest- 
Neighbor Substitutional Sulfur-Pair Impurities (S,S) + . 
The Index p Runs Over x, y, and z; the Index R j Runs 
Over R 0 and R,, That is, Over the Sulfur Siter: and 
R j. Runs Over R 2 , R 3 , R*, R 5 , R 6 , and R 7 : the First- 
Neighbor Silicon Atoms to Each S Impur/y. 


State 

Electron Charge (%) 

S ; |01'|s.R / (S))|72 

3.4 

- /ll iK'l'|Pii,Ry(S)>| I /2 

1.9 

Z,|<V|s.R i .(Si)>| l /6 

1.3 

2,>l<*lp 11 ,R/'(Si)>| 2 /6 

7.7 

Table 6. Computed Electronic Charge Distribution of 

the A) Deep Level State in the Si Band Gap Associated 

with a Single Substitutional Sulfur Impurity (S) + . The 

Index p is x, 

y, and z. 

State 

Electron Charge (%) 

j(SMs.R 0 (S))| 5 

9.6 

SJ^.R^S))! 2 

0.0 

S / |0i'|s,R i (Si)>| : /4 

1.7 

S,JWP».Rj(Si)>lV4 

13.8 


support to our argument that the ratios of hyperfine 
tensor components are almost independent of 
chalcogen.) 

We find the ratio of perpendicular to parallel prin¬ 
cipal hyperfine tensor components to be 

AJA^ 0.95 

for (S,S)\ This is in good agreement with the value 
0.97 that Womer and Shirmer [3] found for (Se.Se)*. 
(The corresponding ratio for (S,S) + could not be 
determined experimentally.) 

Thus our results describe the data very well and so 
lend support to the meso-bonding picture of the 
(S,S) deep levels in the gap of Si, while confirming 
the antibonding character of the isolated-S deep 
level. 

5.3. Absolute Level Positions 

The Vogl model of electronic structure has a 
feature that is reflected in the absolute energies of 
the calculated S and (S.S) deep levels, namely the 
p-states are artificially depressed in energy due to 
the strong s*-p coupling, necessary to produce the 
correct indirect fundamental gap while simultane¬ 
ously restricting the basis set to only five orbitals per 
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atom. As a result, the calculated absolu'e deep level 
energies of both S and (S.S) are several tenths of an 
eV below the corresponding experimental values 
[24]. This problem is analogous to a more serious 
difficulty of local density theory, which yields band 
gaps too small by typically a factor of two [20,25,26]. 
In the Vogl model of Si, the strength of the s’-p 
coupling is adjusted to depress the indirect conduction- 
band minimum to its observed energy. This has the 
effect of also depressing p-like deep levels in Si, 
sometimes by too much. One could, of course, 
correct for this by including more and more orbitals 
in the basis set; but the costs of such a correction, in 
terms of increased computational labor and reduced 
physical transparency, normally outweigh the bene¬ 
fits. It is easier, and almost as accurate, to simply 
mentally adjust the p-Iike deep level predictions of 
the Vogl model upwards in energy by a few tenths of 
an eV; normally it does not make sense to formally 
correct the theory. Nevertheless we can assess the 
seriousness of this problem by increasing the energy 
of the s* orbital until the neutral isolated-S deep 
level coincides with the experimental level at 0.86 eV 
(with respect to the valence band maximum) and 
then determine if the charge-state splittings of S and 

(5.5) , as .well as the absolute energy of the (S,S)° 
level, agree with the data. In this case we find that 
the charge-state splitting of S is 0.32 eV (compared 
with the experimental value of 0.30 eV [12,13] and 
the value 0.27 eV obtained with an unadjusted s* 
energy), the charge-state splitting of (S.S) is 0.15 eV 
(versus experiment with 0.18 eV [12,13] and unad¬ 
justed theory of 0.19 eV), and an absolute (S,S)° 
level of 0.97 eV, in agreement with the observed 
energy 0.98 eV. Furthermore the totally antibonding 
A,-derived a,-symmetric deep levels of (S,S)° and 

(5.5) ’ lie in the valence band, not in the gap [27]. The 
calculated charge-state splitting is almost independ¬ 
ent of the approximations of the sp J s* Vogl model. 

6. SUMMARY 

We conclude that the basic physical picture of a 
meso-bonding (S.S) deep level in the fundamental 
band gap of Si is valid, that the charge-state split.ing 
of (S.S) is smaller than that of isolated-S because of 
the p-like meso-bonding character of (S.S) versus 
the s-like A, character of the S deep level, and that 
the theory predicts the charge-state splittings, c;...rge- 
densirics, and hyperfine tensors with rather good 
accuracy: for example, the uncertainty in the charge- 
state splitting predictions associated with quirks of 
the model is of order 0.01 eV. 
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APPENDIX: ISOLATED SULFUR 

For a single substitutional S impurity in Si. the 
defect potential involves the impurity site and the 
four neighboring sites. With the relevant Lowdin 
orbitals being s, p,, p,., and p., this leads to a 20x20 
defect matrix, and tetrahedral (7 d ) point-group 
symmetry. The twenty basis functions form linear 
combinations (See Table 2} that reduce the secular 
matrix to the direct sum 3A, + £+ 7,+47,. 

Our calculated results for S in Si differ in numer¬ 
ical detail from those of reference [9], although the 
physics of reference [9] is still correct. The present 
numerical results supersede those of reference [9], 
and are different as detailed in reference [18]. The 
resulting occupation numbers are given in Table 4. 
The wavefunction coefficients y : [2] for (S)° and 
(S) + are 0.30 and 0.31, respectively. These compare 
favorably with the value for (S)’ of 0.32 obtained by 
Ren etal. [5]. Thus we have 9.6% (Table 6) of the 
deep level’s charge in the central cell, whereas the 
experiments find = 10% [13,22]. Moreover, the 
nearest-neighbor hybrid is 89% p-like in the present 
theory (See Table 6: [13.8/(1.7+13.8)]), compared 
with =*91% deduced from ESR and ENDOR data 
by Grimmeiss etal. [13] and Niklas and Spaeth [22]. 
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ABSTRACT 

The strain energy of ordered phases of ternary III-V alloys has been estimated. 
A chalcopyrite structure is found to always have a lower strain enerev than 1*1 
superlattices oriented along the (0,0,1) or (1,1,1) directions. Ga-As and In-As bond 
lengths in ordered compounds GalnAss are found to be in sood agreement with the 
Mikkelsen-Boyce EXAFS measurements for the alloy. The effect of'both ordering and 
strain on the oandstructure is also considered. 

1. INTRODUCTION 

Recent reports of new ordered structures in the ternary III-V alloys Afj. x Ga x As. 
GaAsi-xSb x and Gat. x In x As for nj and x = have kindled considerable interest in 
the semiconductor community. Remembering that a zinc-blende structure is composed 
of two face-centered cubic (fee) sublattices, and ignoring the atoms located on the 
"passive" non-ordering sublattice, one finds that the newly discovered x = f 
semiconductor structures, termed the (0,0.1) 1*1 superlattice, cnalcopyrite, and (1,1,1) 
1*1 superlattice (see Fig. 1), are all related to the fee special-k point structures of 

metals: (0,0,1), (0,^,1), and (1.1,1), space groups P4/mmm, I4j/amd, and RJm. 2 


A B C 2 Structures 



(OOl) Suoeriottice Chei:opyrite (III,' Sgoerlc:ti:e 


(P42m) (1420) ( R 3 m ) 

FIGURE 1. Special-k point structures for ordered compounds ABC* k = (0,0,1), 1*1 
superiattice oriented along the z direction; k = (0,4,1), chalcopyrite; and k = (1,1,1), 
1*1 superiattice oriented along the (1.1,1) direction. Also shown are the respective 
space-group destinations of each crystal type. Note, each structure is shown 
undistorted from the parent zinc-blende form. Cations A and I. arc shown as large 
open and shaded circles, respectively, and the anions C are shown as smaller filled 
circles. 
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The structure reported for x = famatinite, 
structure. 

A8jC 4 Structures 



( I42m) 


(P43m) 


shown in Fig. 2, is also a (1 ) 0) spcciai-k 

Not known presently is the 
stability of the phases found. All 
experimental reports iiave used 
epitaxial growth, suggesting strongly 
the possibility of strain stabilization. 
Mbaye et al,,’ 3 who have calculated a 
phase diagram in a tetrahedron 
approximation, used strain argu¬ 
ments to explain why ordered phases 
are not normally seen. 

The existence of sizable strains 
in the materials due to the tetrahed¬ 
ral sp 3 bond is clearly the feature 
that distinguishes the semiconductor 
ordering problem from that in met¬ 
als. This paper investigates the 
’•! effects of strain on the now ordered 
compounds. Strain energies for the 
five special-k structures are found. 
Finally, the effects of strain and 
order on the bandstructure of the 
new ordered forms is investigated, 


FIGURE 2. Special-k point 
structures for AB 3 C 4 ordered 
compounds: k = (0,0,1), luzonite, 
and k = (0,j,l), famatinite. 

using as examples the (0,0,1 )-oriented superlattice and chalcopvrite ordered structures. 

2. THEORY 

2.1 The Effects of Strain on Structure 

We estimate the strain energy of a semiconductor from a simple 
phenomenological formula due to Harrison: 4 




in 


This formula has two contributions; A bond-stretching term, present because there is a 
natural bond length between any pair of a, 0 : 11 s. and a bond-bending term, indicating 
that the energy snould increase if angles deviate from those in a perfect tetrahedron. 
The parameters Co and C| are fit to elastic constants. 

Our calculations start by specifying the atomic positions in the ordered 
structure. For each type of structure, there is an obvious symmetry-allowed distortion 
that best accommodates the bond-stretching and bond-bending forces. For example, 
for chalcopvrite, see Fig. 1, the positions of the ? atoms in the basis are given in terms 
of just three parameters, the dimensions a and of the body-centered tetragonal (bet 5 
unit cell, with c s a 5 ao, with a<> the dimension of the parent zinc-blende cube, and an 
internal coordinate vauable p (p 2 4 &o). Similarly, the supcrlattice oriented along the 
(0,0.1) direction has as its parameters the dimensions of the distorted cube, a 2 c, and an 
internal coordinate h (h a (ao) that is the distance above the z = 0 piane of an anion C. 
{The superlattice oriented along the (1.1,1) direction is rhombohedrai in symmetry and 
is characterized bv 5 parameter?.] Then, for each atom it: the basis of the structure, we 
simply tabulate all contributions to Eq. (1). and then minimize the strain energy with 
respect to the ftcc parameters. By evaluating Eq. (1) at its minima, we have found 
botli the positions of all atoms as well a» tiie size of the strain energy. 
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2.2 Bandstrncture Calculations! 

In our calculations of bandstructurc. we employ a modified empirical tight- 
binding Hamiltonian that includes the'5 atomic orbitals s. p x , Py. pi/and s’. Such a 
Hamiltonian is known to be accurate for the valence bands and the/conduction band 
ed°e of zinc-blende semiconductors. The parameters of this Hamiltonian have been 
determined by fitting to experimental data for all III-V zinc-blende compounds by \ogl 

Ql 3 . 1,6 

Calculations use as input the positions of the atoms in each;type of unit cell and 
follow the standard Slater-Koster method, e.g., strain forces a modification of the 
direction cosines used in the tight-binding Hamiltonian of the/,zinc-blende structure. 1 
The required tight-binding parameters are found from the parent III-V compounds, 
e.g., we use Harrison's Law, 1 that the product of .nearest-neighbor matrix elements V 
with the square of the bond length, Vd 2 , should be nearly constant. Finally, we have 
included the effects of valence-band offsets on the ordered-compound's bandstructure, 1 
and have concluded that these corrections are small. 


3. RESULTS 

We have computed the strain energies and effects of strain on five types of 
ternary III-V ordered compounds. 8 Here we simply quote results for a prototypical 
semiconductor alloy, Ga|. x ln x A$. 


Ga t-x ,n x As 



FIGURE 3. Calculated bond lengths in the 
Gai. x In x As family of compounds.’ 


In Fig. 3 we show 
results for the Ga-As 
bond lengths (squares) 
and In-As bond lengths 
(diamonds) in the 
Gai. x In x As family of 
compounds. For x = 0 or 
1, the bond length is that 
of the zinc-blende (Z) 
compounds Ga/u or 
InAs. For x = :, luzonite 
compounds (L) contain 
three Ga-As bonds for 
every In-As bond, while 
fatnatinite compounds 
(F) have two long and 
one short Ga-As bonds 
for each In-As bond. A 
similar result holds for x 
= 3/4. For x = {, the - 
(O.O.l)-oriented superlat¬ 


tice (5) and chalcopvrite compounds have equal numbers of Ga-As and In-As bonds, 
while the rhomobohe’dral (Rj il.S,l)-oriented supcrlaitice contains three long and one 
short Ga-As bond and three short and -.tie long In-As bond. 

The dashed line shown in Fig. 3 indicates Vegard's Law expected for the average 
bond lenzth measured in the ailov by x-rav diffraction. Mikkciscn and Boyce 9 have 
shown using EXAFS (extended x-ray absorption fine strut* tre) measurements that 
there are two distinct bond lensths in Ga|. x In x As alloys, one for each type of bond. 
The solid lines in Fig. 3 that pV> through the parent’zinc-blende compounds are in 
good agreement with the slopes of tiie Mikkelscn-Boyce data for the alloy. These lines 
pass through compounds with either simple cubic or simple tetragonal symmetry. 
[Parallel to those lines are lines passing through tiie body-centered teirhj.anal 
compounds, famatinite, and chalcopyrite.] Wo interpret this agreement follows. 
The alloy is to be thought of as a mixture of all possible orientations of •etrahedrn 
AsGa n lnV n . Portions of the alloy may show incipient order of the types? shown in Figs. 
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1 and 2. The EXAFS data arc statistical averages of the configurations found in the 
alloy: a line near the middle of the distribution oi possible bond lengths isTound. More 
importantly, the fact that the average results for the strain calculations alone 
reproduce well the EXAFS data impics that charge-transfer effects are probably only a 
small correction for the II1-V family of compounds. 10 

Shown in Fig. 4 are the calcula¬ 
ted strain energies of the oraered 
structures. For x =1/4 and 3/4. we 
find that the famatinite structure 
has the lowest energy, while for x = 
i, the chalcopyrite structure is 
lowest in energy, followed then by 
the (0,0,1) superlattice (S) and then 
by the rhombohedral-sym’metry (R) 
superlattice oriented along the 
(1.1,1) direction. These results are 
consistent with the calculated bond 
lengths shown in Fig. 3. For examp¬ 
le, for rhombohedral symmetry, 
there are two types of Ga-As (In-As 
bonds). One bond, found in a tetra¬ 
hedron GaIn 3 .As, which is near the 
parent bond length, and the other 
one, found with a 3-f: 'd degeneracy, 
in a tetrahedron GalnAs 3 , at a 

distance quite far from the parent bond length. It is easily seen from Eq. (1) that those 
structures with large bond-length deviations from the parent zinc-blende compounds 
will tend to have a large strain energy. As a general trend, we find that structure with 
a body-centered tetragonal Bravais lattice most easily accommodate strain. 

Turning finally to electronic properties, in Figs. 4 and 5 we show the low- 
temperature bandstrJrtures of two GalnAsj ordered structures, the (0.0.1) superlauice 
and chalcopyrite structure. The band cap of the (0.0.1) superlattice is at 0.$7 eV, 
compared with 0.S1 eV in the alloy for x = 0.47." and 0.S3 eV in chalcopyrite. 
Notatable is the strain splitting of the' top of the valence band. Because the local strain 
field of the tetrahedror. has opposite orientations m the iwo structures, .witi. the z 
di-cctie > singled out in the (0.0,1) superian.ee. as a xy plane in chalcopyrite (see 
Fig. 1), the heavy hole is higher in the (0.0.1) $7 lattice tha: in chalcopyrite. 
Obviously, these two structures will have distinguishable experimental spectra. 


t ’ 1 
£ 0.02 j- 

I r 


Ca I _ x In x Ai! 


0.2 0.4 o.s 

X 


FIGURE 4. Calculated strain 
energies of the Gai- x ln x As 
family of compounds. 


(001) Superlt'.tice: S«Ir.As 2 



Wave Vector •: 


Chalcopyrite. CalnAj* 



FIGURE 5. Bands matures of the (0.0.1 )-orientcd superlattice and of the chalcopyrite 
forms of GalnAss compounds. 
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4. CONCLUSIONS 

We have investigated the relative stability for III-V compounds of the three 
possible ordered x = f structures: the (0,0.1)-and’(1,1,l)-oriented 1*1 supcrlattices and 
chalcopvrite. Without using a second-neighbor interaction on an fee lattice, 2 wc find 
that the strain energy due to the bonding of anions to cations alone is enough to 
distinguish the three phases. Our calculations predict that the chalcopvrite structure 
should have a iower ene:gy than either type of superlattico. Similarly, wc find that for 
x = t. the fam.'uinite structure has lower strain energy than the luzonite structure. 

Our strain calculations also allow us to predict structural parameters such as 
bond lengths for the new ordered III-V compound-. This in turn allows us to 
investigate the influence of order and strain on the bandstructure of these structures. 
We hope our calculations will aid experimentalists in the search for additional new 
ordered semiconductor compounds. 

ACKNOWLEDGMENTS — We thank ONR and AFOSR for tneir financial support. 
REFERENCES 


T. S. Kuan, T. F. Kuech, W. I. Wang, and E. L. Wilkie, Phvs. Rev. Lett. £4. 201 
(19S5); H. R. Jen, M. J. Cherng. and G. B. Slringfellow, Appi. Pliys. Lett. 4S, 
1603 (1986); H. Nakayama and H. Fujita. in Gallium Arsenide and Related 
Compounds — 1985. edited by M. Fuymoto, IOP Conference Proceedings No. 
79 (Institute of Physics, Bristol and London. 1986), p. 289; and M. A. Shahid. S. 
Mahajan, D. E. Laughlin, and H. M. Cos, Pliys. Rev. Lett. 5£, 2567 (1987). 

2 - For a review, see D. de Fontaine, in Solid Slate Physic s. edited by H. Ehrenreich, 
F. Seitz, and D. Turnbull (Academic, New York, 1979). Vol. 34, p. 73. 

3 - See A. A. Mbaye, L. G. Ferreira, and A. Zunger, Phys. Rev. Lett. 32, 49 (19S7) 
and references quoted therein. 

4 - W. A. Harrison, Electronic Structure and the Properties of Solids (W. H. 
Freeman, San Francisco, 1980), p. 76, 196, and 4S1. 

5 - U. Kaufman and J. Schneider, Fesikorperprobleme XIV, edited by H. J. Queisser 
(Pergamon, 1974) p. 229. 

6 - P. Vogi, H. P. Hjalmarson, and J. D. Dow, J. Phys, Chem. Solids 44, 365 (19S3). 

"■ E. A. Kraut, J. Vac. Sci. Technol. B2,488 (1984,.. 

*■ D. Teng, J. Shen. K. E. Newman, B.-L. Gu, S. Y. Ren, and J. D. Dow, 

unpublished. 

9 - J. C. Mikkelsen and J. B. Boyce. Phys. Rev. Lett. 49, 1412 (1982). 

10 - K. C. Hass and D. Vanderbilt, J. Vac. Sci. Technol. A5, 3019 (19S7). 

11 • K. Aiavi. R. L. Aggarwal, and S. H. Groves, Phys. Rev. B2J., 1311 (1980); 
measurement is at 4.2 K. 




From: PROPERTIES OF IMPURITY STATES IN SUPERLATTICE 
SEMICONDUCTORS 

Edited by C. Y. Fong, Inder P. Batra, 
and S. Ciraci 

(Plenum Publishing Corporation, 1988) 


DEEP IMPURITY LEVELS IN SEMICONDUCTORS, SEMICONDUCTOR 
ALLOYS, AND SUPERLATTICES 


John D. Dow, Shang Yuan Ren, and Jun Shen 

Department of Physics 
University of Notre Dame 
Notre Dame, Indiana 46556 U.S.A. 


INTRODUCTION 

Impurity levels determine the electrical properties of semiconductors 
and often strongly influence the optical properties as well. Until rather 
recently it was widely believed that "shallow impurities," namely those 
impurities that produce energy levels within “0.1 eV of a band edge, were 
we.ll understood in terms of hydrogenic effective-mass theory (1), However 
"deep impurities" were regarded as more mysterious, having levels more than 
0.1 eV deep in the gap; and several theoretical attempts were made to 
understand why their binding energies were so large. While specific deep 
levels were explained rather well by the early theories, most notably the 
pioneering work of Lannoo and Lenglart on the deep level in the gap 
associated with the vacancy in Si (2), numerous attempts to explain why the 
binding energy of a particular level might be large (making the level deep), 
rather than small, continued until recently, when it was realized that this 
basic picture of impurity levels was incomplete (3,4), 

DISTINCTION BETWEEN DEEP LEVELS AND DEEP IMPURITIES 

Now it is -ecognized that every impurity whose valence differs from that 
of the host atom it replaces produces both deep and shallow levels, but that 
the "deep" levels often are not deep energetically. The definitions of deep 
and shallow levels have been changed (3): now a deep level is one that 
originates from the central-cell potential of the defect, and a shallow level 
originates from the long-ranged Coulomb potential due to the impurity-host 
valence difference. Impurities that are s-p bonded normally produce four deep 
levels in the vicinity of the fundamental band gap: one s-like and three 
p-like. More often than not, the deep levels do not lie in the band gap but 
are resonant with the host bands. Thus, in terms of the old picture, thase 
resonant levels have negative "binding energies." The four deep levels are 
normally anti-bonding and host-like in character. As a result, several 
different deep impurities produce levels with essentially the same 
wavefunctions (5,6). 

In contrast to the deep levels, whose wavefunctions are relatively 
localized and have multi-band character, shallow levels have wavefunctions 
that are extended in real space and of single-band character (localized near 


175 





a band extremum in k-space). The shallow levels are hydrogenic, originate 
from the long-ranged Coulomb potential, are associated with the impurity-host 
valence difference, and have binding energies of reduced Rydbergs, i.e., 
scaled from 13.6 eV by factors of effective mass and the inverse square of 
che dielectric constant (resulting in binding energies of typically tens of 
meV). Shallow jvels can be obtained by solving an effective-mass Schrodinger 
equation for the envelope wavefunction ^(r), which is (assuming isotropic 
effective mass m* and dielectric constant e) 


[(-H 2 /2m*)7 2 - (e 2 /<r)]<5 - (E-E 0 )rf, 


( 1 ) 


where Eg is the band extremum to which the level is "attached," 

The attachment to a near-by band edge is the experimental signature of a 
shallow level, and can be verified by measuring the energy of the level and 
the band edge, either versus alloy composition x in an alloy such as 
Ai x Ga, x As or GaAs^. x P x , or versus pressure. In contrast to shallow levels, 
deep levels are not attached to band edges, and their energies (with respect 
to the valence band maximum) tend to vary more-or-less linearly with alloy 
composition. 

DEPENDENCE ON ALLOY COMPOSITION 


Fig. 1 summarizes data (7] for the alloy-composition dependence of 
levels associated with anion-site impurities in GaAsi X P X alloys. The levels 
associated with S, shallow donor levels, follow the conduction band edge as 
the composition varies, and are "attached" to it. Se levels exhibit the same 
behavior as S. The N and 0 levels vary approximately linearly with alloy 
composition and are unattached to any band odge. These data, when first 
obtained, were rather perplexing, because 0, S, and Se were expected to 
behave the same, since all came from Column-VX of the Periodic Table, and 3ll 
were presumed to occupy a Column-V anion site. By the old definition, che 
oxygen state was clearly a deep level, lying more than 0.1 eV from the 
conduction band edge. The N level, however, had the same qualitative 
dependence on alloy composition as the 0 state (indicating it should be 
classified as deep), yet it was close enough to the band edge in Gap to be 
classified as shallow by the old definition of a shallow level. Moreover it 
was energetically deep in the gap for GaAsg jPg 5, but invisible (possibly in 
the conduction band) for GaAs. 

The N level data in GaAs^. x P x provided an important clue for 
understanding the physics of deep impurities, because N is isoelectronic to 
As and F, and so the substitutional Impurity has no long-ranged Coulomb 
potential: its level could only be explained in terms of che central-cell 
defect potential (and, possibly also the modest strain field around the 
impurity) (A). The natural explanation for the data of Fig. 1 is that che 
central-cell potential produces the oxygen deep level ari that che N level is 
similar Co the oxygen level, and should also be termed "deep." The shallow S 
(and Se) levels are caused by che Coulomb potential associated with the 
valence difference between the Column-VI impurities and che Column-V host. S 
and Se must also have deep levels similar to the oxygen deep level, but their 
deep levels must be resonant with the conduction band of GaAs^. x P x for all 
alloy compositions x, and hence are invisible (as with the case for N when 
x<0.2). Thus the picture has emerged that the central-cell potential produces 
deep levels, and che Coulomb potential yields shallow levels (which ideally 
are infinite in number, because a Coulomb potential has an infinite number of 
bound states). For s- and p- bonded substitutional impurities, we expect one 
s*like and three p-like deep levels associated with every band, based on 
Rayleigh's interlacing theorems (8); this means that in the vicinity of the 
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Fig. 1. Schematic illustration of the dependences of the shallow S (or 
Se) level (dashed) and the deep N and 0 levels (solid) on alloy composition x 
in GaAs^. x P x , after Ref. (7). The energies of the band edges and are 
also shown. The zero of energy is the valence band maximum of the alloy. 
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band gap of a zinc-blende semiconductor we should find one s-like 
(A^-symmetric) deep level and one triply degenerate p-like (Tj-symmetric) 
level for each impurity. The oxygen and nitrogen levels of Fig. 1 are the 
A^-symraetric deep levels. In a three-dimensional material, there is no 
guarantee chat any of the deep levels due to the central-cell potential will 
lie in the fundamental band gap, and so, as in the case of S and Se in 
GaAs^. x P x , the deep levels may all lie outside of the band gap or else, as in 
the case of oxygen, one (or more) may lie within the gap. (Fig. 2) 

The character of an impurity as "shallow" or "deep" is determined by 
whether one or more deep levels lies within the fundamental ■•and gap. For 
example, oxygen in GaP is a deep impurity because its s-like A^ deep level 
lies in the band gap, and is occupied by one electron when the oxygen is 
neutral and in its ground state. This one-electron level can hold two 
electrons of opposite spin, but when oxygen is neutral, it holds only one, 
(the extra electron due to the valence difference between 0 and P). In the 
case of S or Se, the central-cell potential is weaker chan that of 0, and the 
corresponding deep level is degenerate with the conduction band rather than 
in the gap. The resonant level cannot bind the extra electron, which spills 
out and decays to the conduction band edge (via the electron-phonon 
interaction); once at Che conduction band minimum, the electron is trapped by 
the long-ranged Coulomb potential in a shallow impurity level -- and, because 
the ground state of the S or Se impurity in this host has an electron in the 
shallow level, the S or Se impurity is termed a shallow impurity. 

DEEP-SHALLOW TRANSITIONS 


It is possible to change the character of an impurity from deep to 
shallow by perturbing the host until a deep level passes from the band gap 
into the host bands. Straightforward ways to achieve such a change are to 
apply pressure or to vary the alloy composition of the host. N changes its 
character in GaAsi X P X as a function of alloy composition x: it yields a deep 
level in the gap for x>0.2 and so is a deep impurity for such alloy 
compositions, but for x<0.2, neutral N is neither a shallow impurity (because 
it has no long-ranged Coulomb potential) nor a deep impurity (because its 
deep levels are in the conduction band), and so we term it an "inert 
impurity." Thus, in GaAsj^P for X“0.22, N undergoes a "deep-inert 
transition." See Fig. 1. A classic example of a similar "deep-shallow 
transition" is Si on a cation site in A^Ga^As, which has a deep-level 
behavior similar to that of N in GaAs^P^. (See Fig. 3.) As a result, 
neutral Si is a deep impurity, with one electron occupying its A^-symmetric 
deep level for xa0.3, but is a shallow impurity for x<0.2 because the deep 
level is resonant with the conduction band and the electron is autoionized, 
falls to the conduction band edge, and is trapped by the Coulomb potential of 
Che defect. This Si defect is thought to be the DX center [9-llJ, or at least 
a component of it (11,12). It is noteworthy that when cation-sice Si is a 
shallow impurity (i.e., its deep levels are resonant with the conduction 
band), it dopes the material n-cype. But when it is a deep impurity (with its 
A^ level in the gap) the neutral impurity can trap either an electron or a 
hole in this level, and so tends to make the material semi-insulating. 


DEEP-SHALLOW TRANSITIONS IN SUPERLATTICES 


Deep-shallow transitions occur in random alloys such as Ai x Ga^, x As 
because the deep levels are much less sensitive to changes of alloy 
composition x than the band edges. Only slightly overstating the point, we 
may say chat Che deep levels are almost constant in absolute energy, and that 
varying x can cause the conduction or valence band edge to move through the 
deep level. Since deep levels are normally only observed when they lie within 
the fun>. .mental band gap, varying alloy composition changes the • indow of 
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Fig. 2. Illustration of the difference becween a shallow impurity such 
•is S on a P sice in GaP and a deep impurity such as 0. Shallow levels are 
dashed and deep levels are solid. If che deep levels lie oucside of che band 
gap, che excra electron occupies che lowest shallow level ac zero temperature 
and che impurity is a shallow donor. 



GaAs Composition x AlAs 

Fig. 3. Chemical trends with alloy composition x in che energies (in eV) 
of principal band gaps at T, L, and X, with respect to che valence band 
maximum of the alloy, in the alloy A2 x Ga^ As, as deduced from the Vog'l model 
(15). Also shown is the predicted energy of the A^-symraecric cation-sice deep 
level of Si (heavy line), similar to the predictions of Hjalmarson (11). .The 
Vogl model is known to obtain very little band bending. Moreover che L 
minimum for x=>0.45 is known to be ac a bit coo low an energy in this model. 
When che deep level of neutral Si lies below che conduction band minimum, it 
is occupied by one electron (solid circle) and one hole (open triangle). When 
this level is resonant with the conduction band, the electron spills out and 
falls (wavy line) to Che conduction band minimum, where it is crapped (at 
zero temperature) in a shallow donor level (not shown). 
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observability of deep levels, namely the-band gap. Thus selecting the alloy 
composition so that a given impurity produces a shallow level rather than a 
deep one Is a form of "band-gap engineering." 

Similar band-gap engineering can be achieved by altering the atomic 
ordering in the semiconductor by, for example, making the host a superlattice 
rather than a random alloy. For example, Si'on a Ga site in the center of a 
GaAs quantum well in a NjXN 2 GaAs/Ai x Ga-, x As superlattice can be made to 
undergo a shallow-deep transition by reducing the thickness of the quantum 
well until the conduction band maximum of the superlattice passes above the 
Si deep level (See Fig. 4,). The dependence on alloy composition of a Ga-site 
deep level in a 2x2 GaAs/Ai x Ga^_ x As superlattice is given in Fig, 5, and 
shows that even near the center of a GaAs layer Si can become a deep trap if 
the layer is sufficiently thin or two-dimensional. 

Fig. 6 shows the predictions for the cation-site deep level in bulk 
GaAs, in a 3x10 GaAs/Aig 7 Ga Q ^As superlattice, and in bulk A/q 7 Ca 0 ^As for 
Si at various sites f) in’the superlattice. In this superlattice’the deep 
level lies in the gap and Si is therefore ! a deep impurity. In NjXNo 
superlattices such that the GaAs layers are not very thin, N^>6, the 
superlattice conduction band edge approaches Che bulk GaAs conduction band 
edge, and therefore the conduction band of the superlattice covers up the Si 
deep level, making Si on a Ga site a shallow donor in the superlattice. 

t 2 LEVELS 

The examples we have given thus far all consider only A^-symmetric bulk 
deep levels. The T 2 bulk levels are split in a (001) superlattice into a^, 
b^, and b 2 levels, as illustrated in Fig, 7 for Che As vacancy. The valence 
band maximum is also split into a (p„±p„)-like (or bp or b 2 -like) maximum 
and a p 2 -like (or aplike) edge slightly below it. For sites near the ^-0 
interface, the b^ deep levels have orbitals and energies similar to Che T 2 
levels of bulk GaAs and the b 2 levels are Ai^a^ As-liko, The splittings are 
small even for impurities at the interface, of order 0.1 eV, and decrease 
rapidly as the impurity moves from the interface. They are non-zero even near 
the center of the layers, however, because the valence band maximum is split, 
and so the spectral densities employed in solving Eq, (2) below are also 
split. 

Three factors influence the positions of deep ’evels in the superlattice 
layers: (i) the band offset, which tends to move the levels down in 
AJf x Gap x As relative to in CaAs, (ii) quantum confinement, which tends to 
cause levels in GaAs and the p -like a^ levels in particular to be farther 
from che center of che gap, and (iii) the relative electropositivity of A! 
with respect to Ga, which tends to move energy levels up when the associated 
wave functions overlap an A2-rich layer. To determine the balance among these 
competing effects, a calculation is required, 

FORMALISM 

Our basic approach to the prqblera of deep levels in superlattices is 
based on the theory of Hjalmarson et al. [3]. This theory is relatively easy 
to implement and learn, and has been summarized in accessible lecture notes 
(13j for deep levels in che bulk. Nelson et al. (14) have provided an 
alternative approach to deep levels in superlattices which is especially 
well-suited to small-period superlattices. 

The deep level energies E in a superlattice can be computed similarly by 
solving the one-electron Schrodinger equation, using the >.-.een's function 
method to take advantage of the localized nature of the central-cell defect 


180 






1.8 


1.6 

> I- 4 


iu 


0.2 

0.0 

- 0.2 

-0.4 


j m t '• u u 


£,J A 'o. 7 Ga o. 3 As > i^SL) E, ap (G0A S ) 


(ol 


(b) 


Fig. A. Schematic illustration of the quantum-well confinement effect on 
the band gap E p (SL) of a Nj_xN 2 GaAs/AiQ^GaQ jAs superlattice, after Ref. 
(12): (a) and (b) N^-2, N2“3A, The bancl edges of the superlattice 
are denoted by“chained lines. For this alloy composition the superlattice gap 
is indirect for case (b), with the conduction band edge at 
It— <2—/a^)(1/2,1/2,0>. Note the broken energy scale. The zero of energy is the 
valence band maximum of GaAs. 



Fig. 5. Predicted chemical trends with alloy composition x in the 
energies (in eV) of principal band gaps and the Si. A^-symmetric deep level in 
a (GaAs) 2 (Ai x Ga^. x As >2 superlattice. Compare with Fig. 3 for the alloy. The 
superlattice wavevectors of the gaps are t?«3, K-(2m/a L )(l/2,1/2,0). which has 
states derived from the L point of the bulk Brillouin zone, and the points 
derived from the bulk X-point: (2*/a L )(0,0, (%+No) , (where Ni-N ? -2), and 
(2jr/a L )(l,0,0). 
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0 5 10 15 20 25 

Site 0 In Supcrlottlce 


Fig, 6 , Predicted A^-derived^deep levels of Si in GaAs, in a 3x10 
GaAs/A^Q 7 Ga o 3 As superlattice (as a function of 0, the position of the Si in 
the superlattice), and in bulk Aig^Gag^As. Interfaces (which are As sites) 
correspond Co 0 - 0, 6 , and 26. Note that in bulk GaAs Si is a shallow donor, 
but that in this superlattice and in bulk Aig ^Gag jAs it is predicted to be 
a deep impurity. 


Bulk Bulk 



0 S 10 15 20 25 50 55 40 


Site 0 in superlottice 

Fig. 7. Predicted energy levels of an As-vacancy in bulk GaAs, in a 
(GaAs) 3 g(AiQ ^GaQ 3 As)^q superlattice (as a function of 0, the position of 
Che vacancy: even values of 0 correspond to As*sites), and in bulk 
Mq ^Gag 3 AS, after Ref. (12). Note the splitting of the T 2 levels at and 
near the'interfaces which correspond to >3 — 0, 20, and AO, The electron 
(hole) occupancies of the deep levels in bulk GaAs and bulk Aig 7 Ga 0 3 As are 
denoted by solid circles (open triangles). 
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potential operator V: 


dec (l-G(E)V) - 0 - dec (1 - P/(*(E'-H) V/(E-E')] dE'). 

(2) 

Here we have G(E) - (E-H)* 1 , where H is the host Hamiltonian operator, P 
denotes the principal value integral over all energies, and S(x) is Dirac's 
delta function. For simplicity of presentation, we consider a periodic 
GaAs/Ai x Ga^_ x As superlattice grown in the (001) direction. This superlattice 
has two-atom chick layers of GaAs and N 2 two-atom chick layers of 
Ai x Ga£. x As stacked alternately in a periodic structure. We assume that the 
layers are perfectly lattice-matched. We describe the superlattice 
Hamiltonian in terms of an s*sp 3 basis similar to Chat of Vogl et al. (15), 
Our Hamiltonian is a nearest-neighbor tight-binding model, and, in the limit 
of x - 0, is identical to the Vogl model for GaAs. We treat the superlattice 
using a superhelix or supercell method: (for the case x - 1) a superhelix or 
supercell is a Helical string with axis aligned along the (001)- or 
z-direction consisting of 2ti^ + 2^2 adjacently bonded atoms As, Ga, As, Ga, 
As, ... Ga, As, Ai, As, Af, As, M, ... As, A2. (For x *• 1, replace Ai by the 
virtual cation Ai x Ga^_ x .) The center of this helix is at L and each of the 
atoms of Che helix is at position L + v^ (for 0-0, 1, 2, .... 2N^+2N 2 -1). The 
superlattice is a stack 0 S superslabs. A superslab of GaAs/A2 x Ga^, x As 
consists of all such helices with the same value of L z and all possible 
different values of l^, and L,. The origin of coordinates is taken Co be at an 
As atom and a neighboring, cation is at (1/4,1/4,1/4)a^, where a L is the _ 
lattice constant. At each site there are five s*sp 3 basis orbitals |n,L,v^), 
where n - s*. s, p x , p , or p 2 and the site Is specified by r 

0 - 0,1,2.2Ni+ 2N2*1. ?rom_these basis orbitals we form Che sp 3 hybrid 

orbitals at each sice R — (L,v^). The hybrid orbitals are 

|h 1 .R) - (is,R) + + A| P y,R) + A|p 2 ,R) ]/2 

|h 2 ,R) - (|s ,R) + A,)P X ,R) - AlPy.R) - A|p,,R))/2 

|h 3 ,R) - ()s,R) - ),;.p x ,R) + A|p y .R) - A|p 2 ,R) j/2 

and 

|h 4 ,R) - (|s,R) - A|p ,R) - A|p ,R) + A|p ,R))/2 

^ (3) 

where we have A - +1 (-1) for atoms at anion (cation) sites. Introducing the 
label v - s*. hi, h 2 , h 3 , cr h 4 , our hybrid basis orbitals are |v,R), and Che 
related tight-binding orbitals [16] are 

Iw.^.E) “ N s ’^ Sj; exp (ik’L+ik'v^) |u,L,v^) 

where E is (in a reduced zone scheme) any wavevector of the mini-zone or (in 
an extended zone scheme) any wavevector of the zinc-blende Brillouin zone. 
Here N s is the number of supercells. 

The mini-zone wavevector S is a good quantum number. Evaluation of the 
matrix elements (v,£,]«|H|w' ,0' ,E) leads to a tight-binding Hamiltonian of the 
block tridiagonal form. For example, the diagonal (in 0) 5x5 matrix, H(0,0) 
at site 0 , is 
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T 

T 


0 

T 

T 



where we have the hybrid energy 
<h " <‘s + 3 <p > /4 


(5) 


( 6 ) 


and Che hybrid-hybrid interaction 
T - (« s -«p)/4 • 

P (7) 

The energies « g *, and T in H(/9,£) reter to the atom at the £-th sice, and 
are obtained from the energies w tabulated by Vogl et al. (15). To account 
for the observed (17) valence band edge discontinuity of 32% of the direct 
band gap (18), a constant is added to and for Ai x Ga^.,.As; this 

constant is adjusted to give the valence band maximum of A* x Gai x As below the 
valence band maximum of GaAs by C 1 ! of the direct band gap difference in the 
limit Nj-N 2 •* ®. 


Expressions for the remaining, off-diagonal matrix elements 

,/3' ,5c) or H(/J,j9') are given in Ref. (12). The Hamiltonian matrix 
has dimension 5 ( 2 Nj+ 2 N 2 ) for each ic. We diagonalize this Hamiltonian 
numerically for each (special-point) E, finding its eigenvalues E g and the 
projections of the eigenvectors | 7 , 1 c> on the |»/,/ 1 ,k) hybrid basis: 

(t/,£jc| 7 ,E>. Here 7 is Che band index (and ranges from 1 to 200 for Nj-l^-lO) 
and E lies within the raini-Brillouin zone in a reduced zone scheme. With 
these quantitites, we can evaluate Eq. (2) for Che Hjalnarson model of the 
defect potential matrix V (3): the matrix is zero except at the defect site 
and diagonal on that site, (0, V g , V , V , V ), in the Vogl s*sp 3 local basis 
centered on each atom. The point-group for a general substitutional defect in 
a GaAs/Ai x G&j^ x As ( 001 ) superlattice is C 2 V . provided the A 2 x Ga^. x As is 
treated in a " virtual crystal approximation. In the GaAs/Ai x Ga^. x As 

superlattice the A^ and T 2 deep levels of the bulk GaAs or Ai x Ga^ x As produce 
two a, levels (one s-like, derived from the Ai level and one T 2 *derived 

p 2 -like), one b t ' * " .. . f . 

course, for irapuritie 

level will have an energy very close to tfie "energy of a bulk A^ level 

p_-like a ’ ' * ' * ' ' . . . _ 

also. 


level ((p x +Py)-like), and one b2 level ((p x -p„)*like) . Of 
es far from a GaAs/A* x Ga 1 . x As interface, the - ' s-like a^ 
n energy very close to the energy of a bulk A^ level, and 


level and the bi and b 0 levels will lie close to the bulk To level 


The secular equation, Eq. (2), is reduced by symmetry to the 


three equations: 


G(b i: E) - Vp * 1 

for b^ levels, 

G(b 2 ;E) - Vp * 1 

for b 2 levels, 


and 


following 

( 8 ) 

(9) 


/ G(s,s;E) V_ - 1 
dec 

\ G(z,s;E) V g 


C(s,z;E) V p 
G(z,z;E) V p 



( 10 ) 
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for a^ levels, where we have 

G(b i: E)-S 7i g |(h ll ^,k|7,k>-(h 4 ,^,k|7,k>| 2 /2(E-E g>, 

( 11 ) 

G(b 2 ;E)-S 7( g | <h 2 .k|T.ic>-(h 3 ,jS,k|7,k>I 2 /2(E-E g), 

( 12 ) 

G(s,s;E) - 

S 7,K I 0‘i.^.E|7.K>+(h2./3.je|7.£H-(h3 > ^,k|7,K > +(h 4 ,/9 1 ic|7,jb’| 2 /4(E-E 7 g) . 

(13) 

G(z,z;E) - 

S 7,Jc I <fti,^.ic|-r,E>-<h 2 ,/3,1c|7.k>-<h 3 ,^.ic|7.E>+(h Al ^.ic| y,1c>| 2 /4<E-E 7 g), 

(14) 

and 


G(s,z;E)-E 7 g ((h 1 ,^ 1 E|7.E>*-(h 2 ,^ l ic|7,5c>+(h3 1 ^,K|7,E>4(h 4 ,^ 1 E|7 l {c>] 

x (( h i,^,lc|7.5c>*(h 2 ,^,lc|7,ib>.(h3,^,]c|7,lc>+(h 4p /9.K|7 > Ic>)*/(4(E.E 7i g)) 

(15) 

Here G(z,s;E) Is the Hermitian conjugate of G(s,z;E) and 0 Is the site of the 
defect in the superlattice. 


For each site 0 the relevant host Green's functions, Eqs. (11) to (15) 
are evaluated using the special points method (19]. and the secular equations 
(8) to (10) are solved, yielding Efl^V ). E(b 2 ;V ), and two values of 
E(ai;V s . y ). The defect potential raatifix elements V and V. are obtained 
using a s.ignc modification of Hjalmarson's approach (20). For N^-No-10, 
there are 40 possible sites 0, each with four relevant deep levels: two a,’ 
one b^, and one b 2 ; thus there are 160 levels. 


SUMMARY 


With the basic approach outlined here, one can compute the deep levels 
associated with substitutional impurities in lattice-matched superlattices 
and predict the conditions under which deep-shallow and deep-inert 
transitions are to be expected. 
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A theory of the electronic structures of periodic A', XAL GaAs/AI x Ga, _ x As superiattices 
grown along the:[ 111 ] direction is presented: Deep levels associated with s- and p-bonded 
substitutional impurities in these superlattices are alsopredicted. Itris found that: (i) in 
contrast with [001 ] superlattices, [ j 11 J-supcrlattices are almost always direct band-gap 
superlattices, (ii) The [111] superiatticesexhibit weaker quantum-well confinement tita: - the 
corresponding [001 ] superlattices, (iii) As the thickness,:/(GaAs), of each-GaAs layer is 
reduced below a critical value (t c = 13 A or A', =4 for x = 0.7'),common shallow donor 
impurities such as Si cease donating electrons to the conduction-band and instead become deep 
traps. For [111] superlattices t c is smaller than the corresponding i ( for [001] superiattices. 

The fundamental band gap and the band edges of the superlattice, and hence the ionization 
energies ofdeep levels, depend strongly on the layer thickness r(GaAs) but only weakh on 
/(Al x Ga, _ x As). The T 2 - and A ,-derived deep levels (of the.bulk point group T d ) are .> ;■ *t 
and shifted, respectively, near a GaAs/AljGa, _. x As interface: thep-like T z level splits into an 
o, (p„-like) level and a doubly degenerate e (p_-like) level of the point griiup for art;, general 
superlattice site (C 3| .), whereas thes-like^, bulk level becomes an a, (s-like) level of C,,.. The 
order of magnitude of the shifts and splittings of deep levejs at a GaAs/Al, Ga, _ x As inter!, ce 
is less than 0.1 eV, depends on x, and becomes very small for impurities more than =‘3 atomic 
planes away from an interface. These predictions are based on a periodic superslab calculation 
for Unit superslabs with total thickness /(GaAs) + /(Af v Ga, _ x As) as large as 65.3 A or 
AY+ A' ; = 20 two-atom-thick layers. The Hamiltonian is a tight-binding model in a .hybrid: 
basis that is a generalization of the Vogl model and properly accounts for the nature of 
interfaci al bonds. The deep levels are computed using the Hjalmarson etal. theory [Phys. Rev. 

Lett, 44, 810 (1980) ] and tne special points method. 


I. INTRODUCTION 

The theoretical,and experimental study of semiconduc¬ 
tor superiattices has become a very important area of basic 
semiconductor physics, device physics, and materials 
science. GaAs/Al x Ga, _ x As superiattices, 1,5 which are 
commonly grown in the [001 ] direction, are the ones that 
have been most thoroughly studied and understood. Impuri¬ 
ties play a very important roie in determining the physical 
properties of semiconducors.* 1 Recently we '.published a 
theoretical study of the electronic structures and substitu¬ 
tional deep impurities in such superiattices, 4,5 which, we be¬ 
lieve. is the first systematic theoretical study of deep levels in 
superiattices. In the last few years, people have begun to 
investigate superiattices grown in the [ 111 ] direction, botlt 
experimentally"' 7 and theoretically." 1 '' Here we present a the¬ 
ory of the electronic structures of GaAs/Al A Ga, _ As su¬ 
perlatives grown in the [111] direction. 1 " ami we predict 
the energy levels.of substitutional deep impurities in these 
superiattices. Wc compare our results for [111] superiat¬ 
tices with those for corresponding (001 ] superiattices. 4 

II: FORMALISM 
A. Host Hamiltonian 

We treat a,periodic GaAs/Al,Ga, , As superlattice 
whose layers arc perpendicular to the bulk [ 1 H ] direction. 

■" l’crniuiivnt uddrev Dqwinu'iit of.l’iijsies. lii:vcr.si:j i>l Ncicnce .ind 
Techiiolncy of China. Hdci. China. 


which we define as the direction “3.” T!te ; bulk direction- 
[2. - 1, — l],and [0,1, — 1 ] are defined as the direction* 
“1” and "2.” We employ a nearest-neighbor tight-binding 
Hamiltonian with an s*sp i basis of five orbitals at each site. 
Our Hamiltonian, in the limit of x = 6. is identical to the 
Vogl model for GaAs. 11 Some c,' : flerenc-:s are introduced be¬ 
cause of the superlattice, which we treat usng a superhelix 
or supercell-method. The superlattice we consider has .Vj 
two-atom-thick layers of GaAs and A’ ; two-atom-thick lay¬ 
ers of Al x Ga, _ x As repeated periodically; the GaAs and 
Al. v Ga, _ x As are assumed to b< pence*ly lattice 
matched. We denote this superlattice either as a 
(GaAs),s (Al x Ga, _ x As). v . superlattiu or as a 
GaAs/Al , Ga,_ x As superlattice with .V, GaAs layers and 
A; Al,Gt.,_ x As layers, or as an A', XA’ ; GaAs/ 
Al,Ga, _ j As superlattice. 

W • first define(for the case x — I) a superhelix or su- 
perccli as a helical string with axis aligned along the [ T ’ | 
directio' - ‘.insisting of 2.Y, -f 2A\ adjacently bonded.atoms 

As. Ga. As. Ga, As...., Ga, As, Al* As. Al. As. A1.As, Al. 

(For .v == 1, replace Al by AI.Ga,. ,.) The center of this 
helix is at L and each of the atoms of the helix is at position 
L -f v ls (for /? = 0. 1. 2...... 2.Y, -j- 2 A'. i.. A wperslah of 

GaAs/A!.,Ga,.. ,As consists of all such helices with the 
same value of I, and all possible difTeicnt values of-L, and 
2. : : and the superlattice is a stacked array of these supcrsltibs. 
If the origin of coordinates is taken t-.iheai an As mom. ti.c.v 
and r axes are oriented such that. neighboring cation is at 
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(i.i.i)fl£, where a L isthe lattice constant: 12 At each site 
thefeares*jp 3 basisorbitals In.-L.v^), where n == s*,s.p x .p v , 

or p. and /5 = 0, 1, 2.2A',+ 2AV— 1. From these.basis 

orbitals we form the sp y hybrid orbitals at each site R 
= (Uy B )- 

The hybrid orbitals are 

|A„R) = [ js,R) + A\p x ,R)+ A\p v .R) +/: |ft,R)]/2, 
|A,,R) = [js.R) +/. jp x ,Rj -A.\p y ,R) -A\p.,Rj]/2, 
|/;„R) = [js,R) -A l Px ,R) + Ajp r ,R)-A\p s ,R)]/2, 
and 

|A 4 ,R) = [|r,R) -A |/>,,R) |/>,,R) + A\p ; ,R)]/2, 

( 1 ) 


where A = -f 1( — 1)- for atoms at anion (cation) sites. 
Next we introduce the label v = s*, h xi h 2 , /t„ or A 4 , and our 
hybrid basisorbitals are jv.R). In terms of these orbitals we 
form the tight-binding orbitals 

|v,/?.k) = # " 1/2 1,. exp( ik‘L + ik-y p ) | v.L.v,,), (2) 

where k is any wave vector in the Brillouin zone in the super- 
lattices. Here N x is the number of supercells. 

The wave vector is a good quantum number, and so the 
tight-binding Hamiltonian is diagonal in k. Evaluation of the 
matrix elements (v,/9,k|#1 v'J3',k) leads to a tight-binding 
Hamiltonian of the block tridiagonal form. For different 0 
and 0 ', the first three rows of block matrices are 


#(0,0) #(0,1) 0 0 #(0,2A r 1 -f 2A r : — 1 )- 

#(0,l) f #(1,1) #(1,2) 0 0 ....0 0 (3) 

0 #(1,2)* #(2.2) #(2,3) 0 ....0 6. 

The last row of bjocks is 


#(0,2#, + 2# 2 - l) f 0 0...0 #(2#, + 2N 2 — 2,2#, + 2Ah — 1 ) f 


Here#( 0,0 ') depends on k and is given in terms of various 
5X5 matrices for different v and v'. 

The diagonal (in/?) 5x5 matrix, #(/?,/?) at site/?, is 

HIM) - (v,/?,k|#|v'^,k) 


0 

0 

0 

\o 


0 

T 

** 

T 

T 


0 

T 

T 

T 


where 

e h — (*» + 3e,)/4 
is the hybrid energy, and 


(5) 


( 6 ) 


C(v,n;0) 

s* 

Jh 

/t, 

hi 


m 


+ 2#, 

- 1,2#, 

+ 2Aj - 

1). 

s 

P* 

Py 

P, \ 

0 

0 

0 

0 \ 

1/2 

+ A/2 

+ A/2 

+;./ 2 

1/2 

+ A/2 

-A/2 

-A/2 

1/2 

-A/2 

+ A/2 

-A/2 

1/2 

-A/2 

-A/2 

+ A/2J 


(4) 


( 10 ) 

where A-- - + 1 ( — 1) if/? refers to an anion (cation). 

There-are several distinct cases for which the off-diag¬ 
onal (in/?) matrix elements («, /?,kj# In', 0 \k) are nonzero 
(for /?#/?'). 


T={e t -e p )/4 (7) 

is the hybrid-hybrid interaction; the energies e s ., e*, and Tin 
#( 0,0) refer to the atom at the/?th site, anefmay be ob¬ 
tained from the energies w tabulated by Vogl, Hjalmarson, 
and Dow. 11 To account for the observed 13 valence-band edge 
discontinuity of 32% of the direct band gap, a constant 5 is 
added toe,, ande,, for Al x Ga, _ ^ As; this constant is adjust¬ 
ed to give the valence-band maximum of Al.,Ga, _ x As be¬ 
low the valence-band maximum of GaAs by 32% of the 
band-gap difference in the limit .V, = # 2 — k. 

Theofr-diagonalmatrixelements(v,/?.k;# ! v',/?',k)or 
#(/?,/?') are best expressed in terms of matrix elements of 
# between s*, r, and p orbitals. This is accomplished by the 
transformation 

(v,/?,k|#jv',/?\k) 

= v,«; /?)C(v>'; /?’)(«, /?.k //!«',/?',k). (8) 

where we have the tight-binding functions, 

|n,/?,k) = N ~ 1/2 exp(;k<I. -f- ili'V e )hi,L,v p ), (9) 


1. Intramaterial matrix elements 

■If 0 and 0‘ both refer to nearest-neighbor sites in the 
same material (either the GaAs or the Al x Ga, _ x As) we 
have (assuming 0 and 0' are in material ^number 1, the 
GaAs), for example, 

(n,0M\H\n',0',k) = #,.„„, (11) 

if/? refers to a cation and 0 ' refers to an anion. #,.,„, is a 5 X 5 
matrix whose rows and columns,,are labeled by n, which 
ranges over the values s*, s, p A , p yi and p .. Similarly we have 
matrix elements #„,,,, #„ :f2 , and i’hese matrix ele¬ 
ments are 


/ °‘ 

0 

- c u n 

- CoK 

- Q FA 

1 0 

QV, 

- c„f 4 

-QV a 

-c () f 4 

CJ'n 

c„f 5 

c„r 2 

CJ'i 

C„Fj 

\ C»F 7 

c„ y s 

C„F, 

C„v 2 

C 0 F, 

\CJ' 7 

c„f 5 

C 0 F, 

C„F, 

C„F. / 


( 12 ) 


and the 5X5 matrices C(v,n; 0) are 


Here we have C„ = g,*, where we have 
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4gr 0 = exp(ik-Xo)', 

arid x,, = (fl t /4) ( 1,1,1.), with a L being the lattice constant 
of GaAs or Al As. Here k isthe wave vector. In addition, we 
have 


V,= V(s,s), V 2 = V(xix), 


V y = V(x,y), V 4 - V{sa,pc), 

V s = V(sc,pa), V(s*a,pc), 

and 

V 7 = V(s*c,pa)i 

in the notation of Vogl and co-workers;''' and 



6 

0 

- VAg, -ft:-ft.,) 

- f'U -ft, + ft: T ftj) 

- VA -ft,~ft:+ftj) 


o n(g,-g : -g>) 

Vi (ft. + ft: + ft.,) V 4 (g,-g; - ft) 

- V f (g j - ft-ft) ^(ftr+ftj.+ ftj) 

~ V S ( -ft + ft:-ftj) Vji -ft -ft+ft) 

- Vs f-ft-ft +ft) ^( -ft+ft-ft) 


We also have 


-ft +ft-ft) 
VA -ft, + ft:-ft.,) 
*j( -ftr~ft: +ft) 
^(ft+ft + ft) 
Fj(ft, -ft:-ft) 


•**( - ft -ft +ft,)> 
K,( -ft -ft+ft., )• 
VA -ft+ft-ft) 
F,(ft, - ft:-ft.,) 
^(ft, x ft:+ftj) 


(1.3) 


•4ft, = exp(/Tfx,), 4ft, = exp(/k‘X 2 ), 
and 

>X 

4ftj« exp(tk*Xj). 

Here wehavex, = (a c /4)(l, — l, - 1), x 2 = {a L / 4)( — 1,1, — 1), and x 3 =■ (a L / 4)( — 1, — 1,1). 

All o f the matrix elements Vare those tabulated by Vogl and co-workers," for material number l(viz., GaAs). identical 
expressions exist for H tUi and // f2<l2 , with Al x Ga, _ x As matrix elements. [The Al x Ga, _ x As matrix elements are obtained 
by a virtual-crystal average of the Vogl matrix elements for Al As and GaAs: x times the corresponding AlAs mhirix.dements 
plus (1 — x) times the GaAs matrix elements.] 


2. Intermaterial matrix elements 

At the interface between GaAs and Al x Ga, _ x As there will be nonzero matrix elements of H 
nearest neighbors. These are H ale , and H ela ,: 


U aM — 


0 

0 

Vytgf — ft: — ftj) 

^(-ft+ftj-ftj) 

^(-ft-ft’+ftj) 


0 

F|(ftt+ft:+ftj) 

(ft,-ftj-ftj) 

■ ^(-ft+ftj-ftj) 
'^(-ft-ftj+ft) 


^(ft|-ft:-ft) 

Vt(gi - ft: - ftj) 

F 2 (ft,+ft:+ftj) 

Fj(-ft,-ft : +ftj) 

Fj(-fti+ftj-ftj) 


V 6 ( -ft, + ft, — ftj) 
VA -ft+ft:- ftj) 
VA -ft, r-ft, + ft) 
VASi +ft: +ftj) 
Vjigi —ft: —ftj) 



0 

0 

VAC, -c : ~ Cj) 

VA - C, + C, - C,) 
VA - C, - Cj + Cj) 


0 VAC r -C : -C,) 

V,(C, + Cj + Cj) VAC, - C; - Cj) 

- VAC, - C, - Cj) VAC, +C, + Cj): 

- F,( - C, + C, - C,) VA - C, - C, + Cj) 

- K,( - C, - C, + Cj). VA - c, + C, - C,) 


K a ( - C, + C ; - C,) 
VA — C, + C, — Cj) 
K, ( _ c, - C, + C,) 
K,(C, + C, + C,) 

Kj(C,-Cj-Cj) 


for each bond between 


VA-g, -.ft: + ft.,)\ 

4\i( — ft, — ft: +ftj) \ 
VA — fti +ft: — ftj) 
KAg, — ft; - ft.,) I 
V;(gi +ft: +ft.,) / 
tl4) 

VA - C, - Cj + Cj)\ 
K,( - C, - Cj + Cj) V 
kj( — C, + Cj — Cj) ]. 
Fj(C,-Cj-Cj) / 
VAC, + Cj + Cj) J 


Here the Vogl matrix elements are those for the bonddn 
question: If the cation is Al t Ga, _ x and the anion is As, then 
the matrix element is the Al. t Ga, _ x As matrix.element ob¬ 
tained by a virtual-crystal average of the AlAs and GaAs 
values. 

After the tigh+binding Hamiltonian is given, calcula¬ 
tion of the electronic structure is straightforward. In this 
work we study electronic structure and deep impurity levels 
in superlattices as large as N, +N 2 = 20; that is, in 40- 
atoms-thiek superslabs. The dimension of the Hamiltonian 
matrix at each value ofk is 5(2iV, + 2;V,), because there are 
five orbitals per site. We diagonalize this Hamiltonian nu¬ 
merically for each (speciai-point) k in the Brillouin zone 
(Fig. 1), finding its eigenvalues E yk and, if necessary, the 
projections of the eigenvectors jy.k) on the |v,/?,k) hybrid 
basis: (v./J.kJj'.k). Here y is the band index (and ranges 
from 1 to 200 for N, = A\ = 10) and k is the wave vector: it 



FIG. I. The Brillouin zone of (111) superlatives. f is at (0.0.0), .1 is at 
( 1.1.1 )/(2zV, + 2.V,), AMs at (I, — 2,1 )/3 or equivalent points. A' is at 
(0.2. - 2)/3 or equivalent points, ali ;re in units of (2-/o,.). Please note 
for a GaAs/GaAs or AI.Ga, . ,As/AI,Ga, _ , As • 1111 superlattice. !he 
superlattice T point might correspond to the hulk f" point and/or 
L[ (1.1.1) 1 point of the ordinary bulk Brillouin zone, and the superiattice 
M point might correspond to the .V point and/or i((|,— 1,-1), 
( - 1,1.1) or ( - I. - 1,1)) points of the ordinary bulk Brillouin zone. 
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can be within the mini-Brillouin zone in a reduced zone 
scheme or within the GaAs Brillouin zone in an extended 
zone scheme. (We assume that GaAs and Al x Ga, _ * As are 
perfectly lattice matched.) 

B; Deep levels 

The theory of deep levels is bas f n the Hjalmarson et 
al. Green’s function theory, 14 whicn solves the secular equa¬ 
tion for the deep level energy £ 

det[l — G(E)V] — 0 

= det(l ~ p j [8{E' -H)/ 

(£-£')]<?£' f). ( 16 ) 

Here !''is the defect potential matrix, 14 which is zero except 
at the defect site and diagonal on that site, (0,V„V p , V p ,V p ), 
in the Vogl s*sp i local basis centered on each atom. W>t ajso 
have G = (E — H)~\ where H is the host tight-binding 
Hamiltonian operator. The spectral density operator is 
S(E' — H) and/* denotestheprincipal value integral overall 
energies. In the fundamental band gap of the superlattice, G 
is real. 

1. Point-group analysis 

A substitutional point defect in either bulk GaAs or 
bulk Al x Ga, _ x As has tetrahedral (T d ) point-group sym¬ 
metry (assuming a virtual-crystal approximation for 
Al x Ga, _*As). Each such ^-'-bonded defect normally has 
one 5-like (/I,) and one triply degeneratep-like (7\) deep 
defect level near the fundamental band gap. If we imagine 
breaking-the symmetry of bulk GaAs by making it into a 
_ I 


GaAs/GaAs superlattice along, the [ 111] direction, we re¬ 
duce the T d symmetry to C 3r . in the GaAs/Al^Ga, _ x As, 
superlattice the/4, and T : deep levels of the bulk GaAs or 
Al x Ga,_ x As produce two o, levels (one 5 -like, derived 
from the /4, level and oneTj-derived/vlike), one doubly 
degenerate e level (~p„ dike). Of course, for impurities far 
from aQaAs/Al x Ga, _ x As interface, the 5 -like a, level will 
have an energy very close to the energy of a bulk .4, level, and 
thep ff -like a, level and thep„-like e level will lie close to the 
bulk T z level also. But, if r ; -derived levels lie close to the 
valence-band maximum, then the splitting, of the valence- 
band edge (into a doubly degenerate/vlike maximum and a 
p d band edge at slightly lower energy) may, cause the c, 
component deep level to lie lower in energy than the e levels 
by an energy comparable with the splitting (see Eq. (16) ]. 
Note that thisspiitting exists even for-defects distant from 
the interface and is a consequence of the different host,spec¬ 
tral densities in the superlattice for a, and.e states. 


2. Secular equations 

The secular equation, Eq. (16), is reduced by the C 3l , 
point-group symmetry to the following two equations: 

(?(<?;£) = F“' fore levels, (17) 

and 


G(.s,s\E) V, — 1 G(s,cr,E) V p 
dCt G(o,s\E) V t G(cr,cr t E)V p — 1 
for a | levels, where we have 
G(e;E) ~ 2 yk |(/j 2 ,^,k|j',k> 

-(/; 3 ,Ak|r,k)jV2(E-£ ia ), 


(18) 


(19) 


G(s,s;E) =.2,, k |(A„v?,k|y,k> + (A 2 , 0M\yM) + (A 3 , flk|)',k> + (h 4 , /J.kly.k) | */4(£ - £,. k ), (20) 

G(a,cr,E) = 2,, k |3(A„ ^,k|;',k> - (/u./J.kjy.k) - (A 3 ,£,k|j',k> - (A 4 ,^,k|r,k>|Vl2(£-£,.. k ), (21) 

G(s,r,E) =2,, k [(//„/?, k|r,k> + (/i 2 ,/?,k|)',k) + .(A 3 ,/?,k|j',k> + (A 4 ,^,k|r,k>] 

X[3(/»„/?,k|,',k> - (Aj,£,k|r,k) - (A„/?,k|y,k> - (A 4 ,Ak|y,k)]*/[4V3(£-£,. k )]. (22) 


Here G(or,s-,E) istheHermitian conjugate of ( 7 ( 5 , cr;E) and 0 
is the site of the defect in the superlattice. 

For each /? the relevant host Green's functions, Eqs. 

(19)—(22), are evaluated, and the secular equations (17) 
and (18) are solved,.yielding £(<?;F ;1 ) and two,values of 
£( 0 ,;F u FJ. The defect potential matrix elements; F, and 
V p are obtained as in Ref. 4. For ;V, = A 3 = 10, there are 40 
possible sites/?, each with four relevant deep levels: two a, 
and one doubly degenerate e; thus there are 160 levels. 

For our studies of deep levels in the band gaps of 
superlattices, we consider only superlatticcs such that 
(.V, -f A T ; )/4 is an integer. In such cases the sums over k in 
Eq\ (9)—(22) can be performed using ten special points .' 5 
These ten superl.ittice special points are sufficient to give the 
Green's function at any site in the superlattice with the same 


I 

accuracy as Chadi's and Cohen’s'" ten bulk special points 
would give for bulk GaAs or AlAs. i.e., GaAs/GaAs or 
AlAs/AlAs superlattices. This level of accuracy is known to 
be adequate for bulk Green’s function calculations. 

III. RESULTS 

A. Superlattice band structures 

We first calculat; the band structures of super !.;:: 1 :es 
for A r , -f Aj — 20 at points of high symmetry in the first 
Brillouin zone of the superlattice (Fig. 1). Our calculations 
produce £... k , the superlattice bands, as functions of A’, , the 
thickness of GaAs layers (Fig. 2). As the thickness of the 
GaAs slab, /(GaAs) = N l a,/\ / 3 (where c, = 5.653 A i: is 
the lattice constant of GaAs), or the number of GaAs layers 
N x becomes small in comparison with the thickness, 
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FIG. 2. 'Predicted energies'(in eV) of the superlattiee conduction-band 
minima and valence-band maximum with respect to the valence-band maxi¬ 
mum of bulk GaAs for a (111) GaAs/Al.Ga,., As superlattiee vs reduced 
layer thicknesses A”, and A’ : for various .V, X.V : [III] GaAs/AI, Ga, .As 
superlatticcs, with ,v = 0.7 and .V, -j- .V: fixed to be 20. The calculations are 
based on the low-temperature band structures of GaAs and AI„ ; Ga,iAs, 
with bulk band gaps of 1.55 and 2.22 eV respectively. The conduction-band; 
eigenvalues at r..l,.V(£t, and K(H) of the superlattices are shown as solid 
circjes, open circles, solid triangles, and solid squares. The superlaltiee va¬ 
lence-band maximum is at k «• 0. Note, the broken scale on the ordinate, 
The conduction-band minimum and the valence-band maximum of the 
(001 ] superlattices calculated in Ref. 4 are also shown here as dashed lines 
for comparison. The positions of the l and extrema of bulk GaAs at f, L, 
and ,Y are shown on the right of the figure, at A', » 20. 


f(Al.,Ga,_^As) = A\a : /V3, or number of layers A'j of 
Al., Ga, _., As slabs, the small band-gap GaAs layers become 
quantum wells surrounded by large band-gap Al., Ga, _., As. 
As a result, the band gap of the superlattice increases from 
the GaAs band gap toward the Al* Ga, _ * As band gap as N , 
decreases (for N z large). This behavior for (111 ] superlat¬ 
tices issimilar to that found for (001] superlattices. 4 The top 
of the valence band is at the Brillouin-zone center, as found 
for [001] superlattices. We find the band gaps of N^XN 2 
[111] GaAs/Al^Ga, _.,Assuperlattices to be direct for al¬ 
most all the cases we calculated (i.e., both the superlattices’ 
valence-band maxima and conduction-band minima are at P 
for different A r „ N 2 , and .t), which was not generally the case 
for [001] superlattices. (We did find one extreme case, 
namely a 1X11 GaAs/AlAs superlattice, in which the gap 
was indirect by ~.0.06 eV.) This could turn out to be a tech¬ 
nologically important property of these superlattices, be¬ 
cause (i) it means that [ 111 j superlattices can be used in the 
smallest optoelectronic devices and (ii) for such superlat¬ 
tices, the electron effective mass in the plane perpendicular 
to the growth direction is always the electron effective mass 
of bulk GaAs, which is the smallest effective mass that 
GaAs/Al,Ga, _,As can have. The smaller effective mass 
implies larger mobility and faster device speed. 

B. Quantum-well confinement 

The fundamental band gaps for W, XA' : ( 111] 
GaAs/Al.,Ga, _ , As superlattices are always smaller than 


for the corresponding [ 001] super lattices, as can be seen by a 
direct comparison of the superlatticcs with two different 
growth directions in Fig. 2, and, for some much larger supers 
lattice periods, iri'Fig. 1 of Ref)' 9;U can also be seen that the 
smaller the thickness of the quantumrwell. ( GaAs ):layer; the 
more significant is •he.differcncc betweenuhe qutihturn-welb 
confinement of the dircctcclge for [001 ] arid (111 J'superlat- 
tiecs.For the same number A ? , of GaAs layers, the thickness 
of the quantum well in a [111 ] superlaltiee is greater than in 
a 1201 ] superlattiee by a factor of 2/V3 = 1.1547, but even 
if this factor is included, the weaker quantum-well confine¬ 
ment in the [1:11] superlattices is still not completely ex¬ 
plained bv a simple one-band eff-Mtivc-inass model; 1 ' One of 
the most dramatic differences be: veen [ M l ] ,and [001 ] su¬ 
perlattices of similar GaAs layer thi.-kness is the much larger 
heavy-light hole energy level splitting at the top of valence 
bands of the superlatticcs., For 10x 10GaAs/AI„, 7 Ga o ,j su- 
p.eriattices this splitting is 0.087 eV for the' £ 111 ] superlat¬ 
tice, versus 0.035 eV for the [001 ] superlatlice. We attribute 
thesmaller quantum-well confinement and the larger heavy- 
light hole splitting in the [ i 11] superlattiee to the topologi¬ 
cal difference in the bonding between the [ 111 j and the 
[001 ] superlattices. For e.vampjej.at an interface in a [ 111 j 
GaAs/AlAs superlattiee, an. As atom is bonded to either 
three Ga atoms and one Al atom or to three Al’s and one Ga. 
In contrast, an interfacial As in a (001 j superlattiee is bond¬ 
ed to two Ga and two Al atoms. This topological difference, 
which has an intrinsic three-dimensional character, affects 
both the valence and conduction bands, altering their masses 
in a way that js not described quantitatively correctly by a 
one-band effective-mass model. 

The band gap is somewhat more sensitive to changes of 
the GaAs layer thickness than to changes in the 
Al,Ga, _, As layer thickness (see Fig. 3), as was the case for 
[001] superlattices. 

C. Defect levels 

The substitutional defect energy levels for sp*- bonded 
impurities can be evaluated using the techniques of Hjalmar- 
so'n et al.,'* as described above for superlatticcs. 



FIG. 3. Predicted fundamental energy-band gap* at k = 0 of a (III) 
(GaAs)(Al.Ga, , As) x superlatlice as a function of reduced GaAs 
layer thickness A*, and AI.Ga, , As thickness .V, for x = 0.7. Note 

that the variation of the gap with decreasing A j from, say. 12 to 2 is less than 
the variation associated with changing .V, from 12 to J, 
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FIG. 4. Illustrating the deep-to-shallow transition as s function ofincress- 
ing GsAs layer thickness A’, in a G*As/AI a Ga, ., As A’, x A' } superlattice 
(SL) with x m 0.7 and (V, + A' ; ,» 20 for a Si impurity on a column III site 
-in the center of a G.aAs layer of the superlattice host. The superlattice eon- 
duciion-band edge (CRM) and valence-band.maximum (VRM) are indi¬ 
cated by light solid lines. The SI deep level is denoted by a heavy- line, which 
is solid when the level is in the gap but dashed when the level is resonant 
with the conduction bancin he deep level ii; the bund gap for A‘,<4 is cov-' 
ered up by the conduction band as a result qf,changes in the host for./V, > 4. 
The impurity’s deep level lies in the gap for ;V,n4 and is occupied by the 
extra Si electrons the Si. in this case, is thus u "deep impurity." For A', > 4, 
the deep level lies above the conduction-band edge as a resonance. The 
daughter electron from the Si impurity which was destined for this deep 
level is autoionized, spills out of the deep resonance level, and falls to the 
conduction-band edge (light solid line) where it it subsequently bound (at 
low temperature) in a shallow level associateo with the long ranged Cou¬ 
lomb potential of the donor (indicated by the,short light dashed line). It is 
important to realize that both the deep level and the shallow levels coexist 
and are distinct levels with qualitatively different wave functions. The issue 
of whether an impurity is "deep" or "shallow" is determined by whether or 
not a deep level associated with the impurity lies in the band gap. The com¬ 
puted deep-shallow transition ck :urs for .V, i, 4 layers. While the qualitative 
physics is completely reliable, it is possible that the transition layer thick¬ 
ness may differ somewhat from A’, m 4 in real superlattices, 


1. Dependence on layer thickness 

Figure 4 displays the dependence on GaAs reduced lay¬ 
er, thickness .-V, of the deep Ga-sito .-1, level of a Si impurity 17 
in the middle of a GaAs layer in a GaAs/Al,,, Ga„, As super¬ 
lattice. As the size N\ of the GaAs layer; shrinks, the deep 
levels remain relatively constant in energy with respect to the 
GaAs valence-band maximum while the conduction-band 
edge of the superlattice increases in energy—progressively 
uncovering the once resonant deep level of Si and converting 
this shallow donor impurity into a deep trap. 4-18 This shal¬ 
low-deep transition as a function of GaAs well-size A’„ is 
similar for both (111 j and (001J superlauices. But because 
the band gap of the (111J superlaiticc is less sensitive to 
quantum confinement, the transition of Si from a shallow to 
a deep impurity will occur at a smaller critical-GaAs layer 
thickness A',. (Based on the genera! structure of the curves of 


Fig. 4. it probably occurs for iV^si Aand a GaAs layer thick¬ 
ness of order, u- =13 A or less ;) 

A similar analysis can be made of the behavior of other 
impurities, for example* N in GaAs. Nitrogen hasa resonant 
state in the conduction band of GaAs. We have predicted 4 ’ 5 
that N in a GaAs layer of a [001 j GaAs/'AI A Ga, _>As su¬ 
perlattice will have an impurity state in the band gap if the 
thickness of the. GaAs layer is small enough, for example, 
<48 A or 17 moleeuladayers. Here we predict that N in the: 
GaAs layers of a [111] QaAs/Al, r Ga, _ x As superlattice 
will have an impurity state' in the band gap if the thickness of 
the GaAs layers is thinner than <32 A or ten molecular 
layers. 


2. As vacancy levels 

■Figure 5 displays the,deep energy levels in the band gap 
of an As vacancy in a A r , = N 2 = 10 GaAs/AI 07 Ga, u As 
superlattice. as a function of 4. the site of the vacancy in the 
superhelix or superslab. A vacancy is simulated here by let¬ 
ting the coefficients of the vacancy state wave function at the 
vacancy site vanish, because;, vacancy state cniinot uave an 
expansion coefficient at nonexisting orbitals. 19 Several fea¬ 
tures ofthe results in Fig. 5 are worth noting: in contrast 
with the [001] superlattice case, the [111] superlattices are 
1 not "symmetricar any more: the two interfaces /3 = 0 and 
/3 = 20 arc not equivalent to each other any more: at the 
/?=* 6 interface, there are threehyb-ids directed inside the 
Ai, Ga, _ * As layer and one hybrid in the GaAs layer, but at 
the 13 ax 20 interface, there are three hybrids inside the GaAs 
iayenand one hybrid in the A! x Ga, _*As layer. A direct 
consequence of this nohsymmetry is the asymmetrical posi¬ 
tion-dependence of the 7\-dcrived As vacancy level. Near 
the interface/? = 6 thep-like T 2 bulk As vacancy level splits 
into two levels: an a , level and a doubly degenerate e state. 
The a, level corresponds to ap-like level with its orbital per¬ 
pendicular to the atomic layers and has almost the energy of 
a bulk GaAsT; level, while the e level corresponds to two p- 
like orbitals' inside the atomic layer, and has an energy al¬ 
most the same as the bulk A ’ A Ga, _ A As T 2 level. However, 
near the interface /?= 20 tits a,.level has an energy almost 
the same as the bulk Al A Ga, As level with its orbital ori¬ 
ented perpendicular to the atomic layers, and the e level has 
ah energy almost the same as the bulk GaAs level. The split¬ 
ting between the a, and c levels a! the interface are smaller 
than the splitting in tlic.corresponding (001 ].superlattice. 3 ' 
of order less than 0.1 eV, and becomes smaller yet when the 
vacancy is more than three or so atomic layers from the 
interface—but may not vanish even if the defect is distant 
from the interface, as a result of the splitting of the valence- 
band edge in the superlattice and the resulting changes of tiie 
host spectral density. 4 The other general behavior of the As 
vacancy state in (111) superlattices is very si.- ilar to the 
behavior in (001) superlattices. 

Similar behavior to that found for the As vacancy levels 
is to be expected for all As site xp'-bonded deep impurity 
lev els in GaAs/Al A Ga, , As superlattices. although the is¬ 
sue of whether a specific deep level lies in the fundamental 
band gap or not depends on the defect potential for that 
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FIG. i. Predicted energy level* of »n As vacancy ina (GaAi) „ ,(Al w O*i) As), u superlative, a* a function of/?, the position of the vacancy (even values of/? 
correspond 10 As sites). Note the splitting of the 7Vlevels at and near the interfaces ((3 « 0.20, and 40), and that these vacancy levels lie at higher energy in 
an Al u , Ga, u As layer than in a GaAs layer. The a, and e ordering changes at successive interfaces. The zero ofenergy is the valence-band maximum of bulk 
GaAs. and the corresponding valence band ( VBM) and conduction band (CBM) edges and deep levels in bulk GaAs and bulk Al n , G.t„, As are given to the 
left and right of the central figure, respectively. The top of the central figure is the conduction-band edge of the superlattice, and the bottom, corresponds to 
the split valence band in the superlattice—the valence-band maximum of the superlattice being ofe symmetry ( p,) and the split-offa, ( p „) band maximum 
lying 0.087 eV lower in energy. The A , level in the AI,Ga,., As layer of the superlattice is lower t han the corresponding level in the GaAs layer because of the 
band offset of 0.33 eV. The electron (hole) occupancies of the neutral deep levels in bulk GaAs and bulk Al M Guo , As are denoted by solid circles (open 
triangles). 


impurity uud on rV„ ;V : , and x. But if a 7\ level does lie in the 
gap, the lower the energy level is, the larger the superlattice 
induced splitting of it would be, due to the greater influence 
of the split top of the valence band. 


3. Cation vacancy levels 

The A, built levels for a Ga vacancy in GaAs and for a 
cation vacancy in Al*Ga, _ x As all lie very deep in the host 
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FIG. t>. I rcdicted , ;-;lerived lev els ol a cation vacancy in a (GaAs),,,! Al,, -Ga.,, As) superlutticc. as a function of site index P. llie position of the vacancy. 
The nm of energy is the valence-band edge of bsiik GaAs. and ;he corresponding valence band and conduction-hand edges and deep levels in bulk GaAs and 
bulk Al,. Ga,,, As are given to the left and i ight of the central figure. rcspectively.The top of the eeolral figure is the conduction-band edge of the-snperlaitice 
and the two bottom lines eoro.-vpomi to the p. -like valence band maximum am 1 the split/- -like edge below it. Electrons occupying the levels are denoted by 
solid circles. Holes initially in levels Mow the mleiuvbuitd maximum me denoted by open triangles and bubble up to the v,deuce-hand inaxiimim. where the 
long ranged Coulomb potential can trap them n: shallow acceptor levels (not shown'. Tile cation vacancy in bulk GaAs and in an Al„ - Ga,,, As layer of the 
superlatticc is a triple shallow acceptor, pioviding diree such holes to the valence band. In bulk AI.,.Ga,i, As and in a GaAs layer of the superlattice, the 
vacancy produces-.! deep trap for eit Iter electrons or holes. In the superlattice, the low-energy level in a GaAs layer t> ofu, sy mtneiry, and the high-energy level 
is of e symmetry, as indicated on the figure. 
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euiier in the bulk or at an interface of a-GaAb/Al/Ga, _ x As 
superlattice. 

The r.-derived cation vacancy levels produce deep lev- 
elsnear the valence-band maxima of both (001 J.and [111] 
GaAs/Al^Ga, _ _,As superlattices 4 (see Fig. 6). In bulk 
GaAs.the T : cation vacancy level is predicted" to lie =0.03 
eV.below the valence-band maximum. It bulk Al a7 Gay.,As, 
the predicted vacancy level is in the gap. 0.11 eV above the 
Al 0 , 7 Ga< u As vaicnce-barid maximum. Ifa0.33-eVband off¬ 
set is assumed for the GaAs/Al (1 - Ga 0 , As superlattice, this 
vacancy level should lie 6.22 e-V below the top of valence 
band of GaAs. In the [ 111 ] GuAs/Al., Ga, _„ As superlat¬ 
tice near the interface, the T z cation vacancy level splits into 
c, and a sublevels. For *=0.7, some or all of these sublci us 
may lie in the gap of the superiattice. The energy of a deep 
level with specified symmetry is determined by ; balance 
between the conduction-band states, which push the level 
down in energy, and the valence-band states, which repel it 
upward. Hence it can be easily understood that the cation 
vacancy levels, because they are very close to the top c\f va¬ 
lence band of the superiattice, are most affected by the heavy 
(estate)-light (a, state) hole splitting of the superiattice, as 
we have seen in the [001 ] superiattice case. For till] super¬ 
lattices, because the heavy-light hole splitting is even larger, 
its effect is even larger. 

If the predictions are taken literally, then near the inter¬ 
face the cation vacancy produces a very interesting level 
structure, depending on the site of the vacancy. To begin 
with, in a GaAs layer of the superiattice, the bulk-GaAs T : 
valence-band resonance becomes either an c level in the gap 
of the superiattice or an e resonant state (depending on the 
position of the vacancy), and an resonant state. The e 
levels lie roughly *0.07 eV above the a, levels, much more 
than in the case of [001] superlattices. This is because the T 2 
levels are near the valence-band maximum and, in the super- 
lattice. the T.-like valence-band maximum is split into a,, 
(light-hole, p 0 -like) and c (heavy-hole,/>„-like) edges, and 
because the a, valence-band edge has a lighter effective mass 
and a stronger quantum-well confinement effect: the band 
edge fora, (p„-like) states lies 0.0S7 eV below the edge for e 
states. The a, states lie lower because the band states deep in 
the valence band that repel them are at lower energy in the 
super!.;ttice (this light-hole character of the />„-like valence- 
band states cause them to be driven down in energy by the 
quantum confinement of the superiattice). In an 
Al ()7 Ga„ , As iayer. the cation deep vacancy levels are now 
all resonant with the valence band of the superiattice (al¬ 
though in bulk Al a -Ga 0 j As they lie in the gap). This is one 
mainly the band offset and the fact that, roughly speaking, 
the dr.p levels do not move (much) whereas the valence- 
band edges do. as one goes from bulk GaAs to the superiat¬ 
tice to bulk Al„.Ga„,As. 

The neutral Ga vacancy in the bulk of GaAs (assuming 
its deep level lies in the valence band) is a triple acceptor 
(Fig. 6). Consider this vacancy at the ncar-interfaciul site 
/? = ljn GaAs; its levels, in order of decreasing energy are c 
and <7,. In all of the cases of Fig. 6. the cation vacancy is 
either a triple ••hallow acceptor or a deep trap for both an 


ievel in the gap. If it.were.the case ihat a cation vacancy near 
an interface had all of its.sublevels resonant with the valence 
band of the superiattice, then.the vacancy would be a triple 
shallow acceptor. If the vacancy were near the center of the 
GaAs layer, the vacancy would be a deep.trap for both elec¬ 
tro..s and holes. Because the cation vacancy lies so near the 
valence-band maximum, relatively small amounts of lattice 
relaxation or charge-state splittings of the defect levels could 
alter the predictions for tile character of the impurities. 

All other Ga site j/-’ bonded substitutional impurity 7s 
levels will have similar position dependencies to the ones 
found here for the Ga vacancy. But if the energy levels are far 
away from the top of the valence band, the effect of the va¬ 
lence-hand splitting will be smaller. 

IV. SUMMARY 

We have found that the basic physics of electronic struc¬ 
ture and deep impurity levels is the same for [111] and 
[001] supcrlattices, with three m.tor differences: (i) The 
topological difference of the bonding in the [1111 growth 
direction and the [001 ] growth direction cause significant 
differences of electronic structure and defect state behavior 
in the superlattices: [111] supcrlattices almost always have 
direct band gaps, quantum-confinement effects are weaker, 
and herefore .-hallow-deep transitions for impurities such as 
Si or N occur at smaller GaAs quantum-well sizes. Thus, the 
[111] GaAs/Al, v Ga, _,,As superlaiticcs may prove to be 
better materials for electronic applications than the [001] 
GaAs/Al. x Ga,_ A As supcrlattices. (ii) The point-group 
symmetty of substitutional impurities in [ 111) super!,utices 
is C y . rather than C-,., as in [001] superlattices. Therefore 
bulk 7\ impurity levels arc split into one nondegencrate fl| 
level and one doubly degenerate level e, instead of three non¬ 
degenerate levels (iii) the larger e-o, splitting, of the top 
valence band leads to larger splittings of the bulk 7V levels, 
especially for those in GaAs layers and close to the top of 
valence band. We hope the theoretical work presented will 
stimulate more experiments on deep levels in superlattices. 
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We examine the electronic structure of the prototypical semimagnetic semiconductors 
Cd|-,Mn,Te with a combination of inverse pboloemissiofl, resonant synchrotron-radiation photo- 
emission, and local-density peeudofunction model calculations. We show that the Mn 3 d states lie 
outside the fundamental gap, the d\~d | exchange splitting is 8.3 eV (almost twice as large a& ex¬ 
pected from earlier theoretical estimates), and that the ground-state configuration of Mn in the 
solid is primarily (rfpHsDfpt) rather than (d]) s s\ 


The novel magnetotransport and magneto-optical prop¬ 
erties of ternary semimagnetic semiconductors depend 
critically on the character and location of the Mn-derived 
(/states, which are still quite controversial.' In this paper 
we present what is, to our knowledge, the first investiga¬ 
tion of the excited electron states of a semimagnetic semi¬ 
conductor by means of inverse-photoemission spectrosco¬ 
py. 2 When combined with new photoemission spectrosco¬ 
py results for the occupied electronic states and new seif- 
consistent local-density pseudofunction 3 calculations for 
zinc blende MnTe, our results force a reevaluation of 
current ideas about the magnitude of electron-electron 
correlation and the electronic configuration of Mn in ter¬ 
nary semimagnetic semiconductors. 

Our measurements were performed on Cdt--,Mn*Te 
single crystals cleaved in situ following the methodology 
described in Refs. 1, 4, and 5. Inverse-photoemission 
measurements were performed in the brems:trah!ung iso- 
chromat spectroscopy (BIS) mode 2 at a photon energy of 
1486.6 eV with a spectrometer resolution of 0.7 eV. s The 
photoemission measurements were performed in the angu¬ 
lar integrated mode and photoelectron energy distribution 
curves (EDC) were obtained with overall energy resolu¬ 
tion from 0.15 (Av“40 eV) to 0.45 eV (hv-*120 eV). 6 

Two methods can be.:u$ed to-analyze the 3 d contribu¬ 
tion to the valence density of states (DOS) of semimag¬ 
netic semiconductors: they involve ternary-binary • va- 
lence-bahd EDC difference curves' and resonance- 

dfi 


antiresonance EDC difference curves obtained at Mn 3p- 
3 d resonance-antiresonance photon energies. 7- ' In Fig. 
1(a) we show cn example of the first method for a Cdo,jj* 
Mno,«jTe alloy. 10 The binding energies in Fig. 1(a) are 
referred to the top of the valence-band maximum £,. as 
derived from a linear extrapolation of the valence-band 
edge." In Figs. Kb) and 1(c) we show examples of 
resonance-antiresonance difference curves for Cdo.j«- 
MncusTc and Cdo. 10 Mno. 20 Te, respectively. 12 The Mn 3 d 
contribution in Figs. 1 (a>—1 (c)-jRives rise in all cases to a 
dominant emission feature 3.5 eV below £ r , a low 
binding-energy shoulder in the 0-2-eV range, and a broad 
satellite in the 6-$-eV range. The results of Figs. 1 (b) 
and. 1(c) are in agreement with those of Ref. 8, and the 
relatively weak concentration-dependence of the Mn 3 d 
features indicates that they mostly reflect the unchanging 
local Mr.-Te coordination. An interpretation of these 
features has been given in terms of first principles one- 
electron calculations 1 '’' 14 that neglect final-state effects 
and exhibit a relatively poor agreement with experi¬ 
ment, * ,l3,u or using a seiniempirical configuration in¬ 
teraction cluster model 9 that can address the screening of 
the 3d hole, but cannot directly incorporate Mh 3</-Te 5 p 
hybridization effects in the initial state. 

We reevaluate here the merits of the one-electron pic¬ 
ture on the basis of our. new calculations of the electronic 
structure of antiferromagnetic zinc blende MnTe. Ex¬ 
tended x-ray-absorption fine-structure investigations 15 
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FIG; 1. (a) Ternary-binary difference curve for th • valence- 
band emission of CdossMntMsTe-CdTe at the Mn ip>id rejo- 
nance (Av-50 eV), (b) Rewnance-antireaonance difference 
curve (Av-50 and 47 eV) for Cdo.jjMna«jTe emphasizing the 
Mn id contribution to the valence band, (c) Resonance- 
antiresonance difference curve (Av**S0 and 47 eV) for Cdo.so- 
Mno wTe. (d) Theoretical /-projected density of states showing 
the Mn id character in antiferromagnetic zinc blende MnTe. 
The ground state corresponds tc.-a Mn configuration close to 
d i sp (solid line). Broadening with a Gaussian instrumental 
window function (dashed line) facilitates comparison with ex¬ 
periment. (e) Mn id character in antiferromagnetic zinc blende 
MnTe for the artificial </V configuration. 

and the ph.uoemission data of Fig. 1 indicate that such a 
hypothetical compound should reflect the same Mn-Te lo¬ 
cal coordination and id contribution to the electronic 
structure found in the ternary alloys. The electronic 
structure calculations employed an /••space pseudofunc¬ 
tion method in the local-density approximation, which we 
have modified to handle spin polarization. 3 We used a unit 
cell containing two Mn atoms and two Te atoms, 14 and 
considered both antiferromagnetic and ferromagnetic 
phases of Mn. The spin-dependent basis set employed 
naturally allows hypothetical zinc blende MnTe to adopt a 
ground state of arbitrary spin polarization in each atomic 
cell. 16 Our total-energy calculations favored the antifer¬ 
romagnetic ground state with a Mn-Te bond length of 
2.68 A (as compared with the experimental value of 2.73 
A), an indication that the calcuh. * * had converged to 
correct physics. We used 1815 plane waves of each spin in 
our basis set and two special points 17 to approximate *n- 
tegrati-'n over the first Brillouin zone. The calculations 


indicate that the ground state of MnTe corresponds to 
highly spin-polarized Mn-derived conduction states, with 
Mn atomic configuration close to (<n.) 5 (jf )(pt), i.e., the 
Hund’s-rule ground state, rather than the customary 
(</| )V ground state of the atom. 11 

We show in Fig. 1 (d) the projected id density of states 
for the ground state of MnTe. The agreement in Fig. 1 
between the one-electron theory and the photoemission re¬ 
sults is unprecedented for diluted magnetic semiconduc¬ 
tors, and only the broad satellite in the 6-9-eV range is 
not accounted for in the calculations. 19 

To confirm the importance of Mn (</t) 5 (ft)(pt) 
bonding and spin polarization of both valence and conduc¬ 
tion bands, we show in Fig. 1(e) the Mn 3d spectral 
density of states from a calculation for MnTe in which 
the basis set and the spin-polarization were restricted 
such that the around-state Mn electron configuration is 
close to (dtr(st)(sD» with some contribution from 
the spin-unpolarized configurations (dj) } (it )(pl), 
(dl) J (jJ)(pt). #nd (dt) 5 (ptMpi). The result is simi¬ 
lar to that of previous calculations, 13,14 but we emphasize 
that this result does not correspond to the ground state of 
MnTe and it predicts a major id feature at 2.4 eV that is 
not observed experimentally. We conclude that the Mn 
electronic configuration in the Cd|-,Mr-.Te alloy series 
is (dt) 5 (jt)(pt) rather than (dt)-V. 

In Fig. 2(a) we show BIS spectra for CdTe and 
Cdo,*oMno,joTe in the 0-16-eV energy range above the 
Fermi level £>. The position of Ep at the surface was 
0.62 ±0.1 and 0.75 ±0.1 eV above the valence-band 
maximum for CdoioMno^Te and CdTe. respectively. 
Each spectrum in Fig. 2(a) was obtained as the sum of 
quantitatively consistent spectra from 20 different 
cleaves. 30 Charging effects were observed for all samples 
with x i 0.45. The spectra were normalized for compar¬ 
ison to the CdTe DOS feature at 6.7 eV, 31 and subtracted 
from each other in order to obtain the difference curve in 
Fig. 2(b). Results for the .v**0.35 alloy are qualitatively 
consistent with those for the x“0.20 alloys. 33,33 

The BIS spectrum for CdTe is in good quantitative 
agreement with the results of DOS calculations by Cheli- 
kowskv and Cohen. 34 A first structure at about 4 eV orig¬ 
inate' from states in the first two conduction bands along 
A anu near X in the Brillouin zone. The structure at 6.7 
eV primarily derives from states in low-symmetry direc¬ 
tions of the Brillouin zone. A double emission feature in 
the 9-10-eV -ange originates from states in the third con¬ 
duction bund at L, and from a combination 
of states from higher bands in the A direction. 33,34 In 
Cd|- x Mn. v Te new MnTe-related features are observed in 
Fig. 2 at 4.2, 10.2, 12.2, and 13.8 eV (open squares) par¬ 
tially superimposed to the binary DOS features. Because 
of the normalization employed, minima and maxima in 
the difference curve of Fig. 2(b) correspond to binding en¬ 
ergies at which the Cdi- x Mn v Te DOS is small or large, 
respectively, as compared to the CdTe DOS. it is there¬ 
fore reasonable to compare the difference curve in Fig. 
2(b) with the results of our calculations for MnTe. 

We show in Fig. 2(b) (solid line) the total DOS above 
Ep for the antiferromagnetic zin>‘ blende g.ound state of 
MnTe. For comparison we also give in Fig. 2(c) thv. 
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ENERGY (eV relative to E F ) 

FIG. 2. (a) BIS from CdTe (tilled circles) and 

CdatoMno.»Te (open triangles). The conduction-band 
minimum Ec is 0.9 eV above the Fermi level £> Tor CdTe, 1.2 
eV for Cdo»MnajTe. (b) A difference curve (open squares) de¬ 
rived from the spectra in Fig. 2(a) is compared with the result of 
local density functional calculations of the total density of states 
above £> (solid line) for antiferromagnetic zinc blende MnTe. 
The theoretical spectrum has been rigidly shifted to align the 
calculated features to the experimental ones. Convolution with 
a Gaussian broadening function (dashed line) facilitates com¬ 
parison with experiment, (c) Theoretical total density of states 
for antiferromagnetic zinc blende MnTe where Mn is in the 
artificial low-spin d's' configuration. 

analogous result for the reduced spin-polarization (Mn 
</ 5 s 3 ) case. The theoretical DOS is also shown after con¬ 
volution with a 1.5-eV-wide Gaussian broadening function 
(dashed line) to account for experimental resolution, life¬ 
time, and alloy scattering effects . 35 In accord with the 
usu.'sl practice of local-density theory, the calculated total 
DOS has been rigidly shifted 36 to higher binding energy 
to align the experimental and the theoretical main 
spectral features. We observe a fair agreement between 


theory and experiment. The difference curve exhibits a 
minimum at 8.5 eV and two broad maxima in the ’.0-6.0 
and 10-14-eV eiergy ranges and it is in somewh*-* better 
agreement .vlth the theoretical d*tp curve (minima at 6 
and 8.5 eV, maxima in the (3-6) and (!0-l5)-eV ranges) 
than with the d } s 3 curve (minimum at 6.5 eV, maxima in 
the (3-6)- and (8-l5)-cV ranges). We emphasize howev¬ 
er, that one could not conclusively rule out the d*s 2 
configuration just on the basis of the resul*»of Fig. 2. An¬ 
gular momentum projection of the DOS allows us to iden¬ 
tify the 4.2-eV feature as primarily Mn 2d derived. The 
emission feutures at 10.2,12.2, and \ 3.3 eV are associated 
primarily with Mn // state-, with some admixture of Te p 
character. 

We emphasize that in Fig. 2(b) we see no evidence of 
the Mn-derived stales in the gap predicted by earlier 
theories. BIS studies of Mn thin films (1-5 A) on 
Cd|- v Mn. T Te (Ref. 22) clearly show d emission in the 
gap, instead, when unreacted Mn is present. We can now 
estimute the d\-d l exchange splitting from the position of 
the main Mn 3 d features relative to the Fermi level, and 
obtain 3.5+0,62+4.2 "8.32 ± 0.4 eV. Recent frst- 
principles calculations for Cdo.soMno. 50 Te alloys 14 predict¬ 
ed a Mn 2d\ band —2.5 eV below £.. and a d J feature 
within 2 eV of £,., giving a splitting of 4.5 eV that is ap¬ 
proximately half (545) of our experimental value of 
8.32 ±0.4 eV and is substantially smaller than our new 
theoretical value of 6.8 eV. Wc note that for Mn atoms in 
AgMn intermetallics 31 the experimental splitting between 
majority- and minority-spin states has also Kin founu 
larger (50%) than the value obta ned from conventional 
local-den»ity calculations (3.i ;V). 

Earlier semiempirical calculations are in better agree¬ 
ment with the experimental exchange splitting. Ehren- 
reich et ul.* predicted a 7.0-eV exchange splitting in their 
tight-binding calculations for Cdi- T Mn*Te. The sc.ni- 
empirical cluster model* fixed the value of the Coulomb 
correlation energy at about —8 eV. Such a value is in 
good agreement with our experimental result, and compa¬ 
rable with those assumed for Mott insulators such as 
MnO (9 eV) (Ref. 9) for which conventional local-density 
functional calculations also systematically underestimated 
the band gap and the d\*d\ splitting. The similar energy 
position of the 6-9-eV many-electron satellites 19 in 
Cd| -xMnjTe and MnO is then seen to be a reflection of 
the similar 3 d correlation energy in these materials. 

Our results indicate that optical transitions from the top 
of the sp valence states to the unoccupied d states should 
invol"e a photon energy of 4.8 ±0.3 eV in the absence of 
final-state effects. Structure at 4.5 eV has been indeed ob¬ 
served in ellipsomctry studies of Cdi- r Mn v Te, w and 
Kendelewicz 50 tentatively interpreted structure at 4.5 eV 
in reflectivity measurements as deriving -rom sp—d\ 
transitions. However, in most recent studio:., optical tran¬ 
sitions at 2.2 eV have been interpreted s interband transi¬ 
tions from the top of the valence band to the unoccupied 
d[ states , 14,37 or as intra-atomic d-d excitations , 14 and 
large final-state effects have been called upon to explain a 
presumed discrepancy between photoemission and optical 
results, and photoemission and local-density functional re¬ 
sults. We find little evidence of such a discrepancy in our 
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results, and suggest that the interpretation of the optical- 
structure proposed in Refs. 14 and 27 should be reexam¬ 
ined. in particular, our resuits stepngly support the inter¬ 
pretation of the optical spectra proposed by KentHe- 
wicz, 30 and indicate that an alternate explanation Should 
be found for the optical structure at lower energy. In this 
connection we mention that Larson et a/. 13 recently con¬ 
tended that the optical structure at 2.2 eV could be alter¬ 
natively explained in terms of standard (nc•■.•(/•related) 
interband transition, or Mn i+ excitoniclike excitations 
that do not appear in the band-structure results. 

In summary, inverse and resonant photoemission results 


for Cdi-jtMnxTe, indicates d\-d f, exchange’s plitting. al¬ 
most twice as large as expected from earlier first- 
principles calculations and support a spin-polarized <</fspr 
like ground state for lyin in these materials. 
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A structure-modulated superlattice is a layered material whose alternate, layers are composed.of 
materials with different crystal structures. Structure-modulated superlattices can be fabricated 
which have no composition modulation- for example; the zinc-blendt-wurtzitt Cc'S semiconduct¬ 
ing superlattice. We present a theory.of such zinc-blende-wurtzite structurerhiddulaied suprrlat- 
tices, and find the following for a nearest-neighbor tight-binding model with ideal wurtzite c/a ra¬ 
tio: (i) The fundamental band gap of the superlattice equals those of both thdzinc-blende and the 
wurtzite parent structures; (ii) in the superlattice growth direction, the dispersion relations E„tk) 
for the electrons and holes are the same as.in.the parent materials; (iiil in directions perpendicular 
to the superlattice growth direction, the superlattice dispersion relations if,,(k)lie near those .of the 
parent zinc-blende and wurtzite materials, ami (iv) deep-level energies are almost the s; :nc as in the 
parent materials. The zinc-blende-wurtzite superlattice is especially interesting, becausethe.inter- 


face between zinc-blende and wurtzite structures i 


I. INTRODUCTION 

Man-made superlattices fall into three categories; (i> 
composition-modulated superlattices such as zb- 
GaAs/zb-AlAs (where the prefix “zb* ,? indicates zinc- 
blende), (ii) structure-modulated superlattices such.as zb- 
CdS/w-CdS (where "w-" denotes wurtzite), and (ii:) com¬ 
bined composition- and structure-modulated superlattices 
such as zb-ZnTe/u'-ZnSe. To date,(most research has fo¬ 
cused on composition-modulated superlattices. Here we 
present a theory of zinc-blende-wurtzite structure- 
modulated superlattices, which are crown along the ; { 111J 
zinc-blende direction and the wurtzite c axis 1 , It'ipwell 
known that numerous II-VI compound semiconductors, 
such as ZnS, ZnSe, CdS. and CdSe exhibit both zinc- 
blende and wurtzite bulk cryst:.: structures, 1 and hence 
are candidates for fabrication of zinc-blende-wurtzite su¬ 
perlattices. Dilute magnetic semiconductor alloys, such 
as Zn|_,Mn,S and Zn^Mn^Se. ate also poten.;al con¬ 
stituents of zinc-blende-wurtzite su.-erlattices. Here we 
treat the case of the CdS zinc-blende-wurtzite structure. 

The zinc-blende-wurtzite superlattice has a particular¬ 
ly interesting topological feature r* that it does not con¬ 
tain an unambiguous interface between the zinc-bL-ss.de 
and wurtzite structures. For example, in Fig. 1. one rimv 
select the wurtzite layer as extending either from plane.£ 
to picne I, orAfron: plane G to plane A", or from plane II 
to plane L. With any, of these choices, the layer 
thicknesse;. of the wurtzite layer and the zinc-biende lav? 
er are the same. 

39 


ambiguous. 
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-zb —--Hr-- w - 

FIG. 1. Illustrating the structure if a 2X1 zinc- 
blender wurtzite structure-modulated CdS supei lattice with the 
period of two layers s of zinc-blende and one layer * wurtzite 
structure. The large (smai’i < denote. Cd (S).atoms. The 
atomic planes are labeled A -L. with alternating planes contain¬ 
ing or.;. Cd ut S atoms. The ..-rbiguitv cf the zinc- 
blende-wurtzite interface is illustrates by noting various 
different layers w V.ch can be considered to b. zinc-b.cnde izo! 
or wurtzite <u-*. Fd; example, planes .s -E tor C-G, or D-II‘ 
can be considered n h» ziitc-hlende. while F.-I (or G-K, or 
H-L> can be considered to be wurtzite. 
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II. FORMALISM 
A. Host Hamiltonian 

The growth direction of our CdS zinc-blende-wurtzite 
superlattice is defined'as^ the direction "3” and is assumed 
to coincide with the zinc-blende [111] direction and the 
wurtzite c axis. The orthogonal directions *T’ and “2" 
correspond to the zinc-blende 1 [2 Tojiand (01T] direction 
respectively. The superlattice we consider has A’ zb two- 
atom thick layers of zinc-blende structure and N u , four- 
atom thick layers of wurtzite structure repeated periodi¬ 
cally; the zinc-blende and wurtzite structures are as¬ 
sumed to be perfectly lattice matched. We .denote this 
superlattice as an N lb XN w zincrblende-wurtzite super¬ 
lattice. 

We first define .a superhelix or supercell as a helical 
string with 2A r zb adjacently bonded atoms of zinc-blende 
structure.with its axis aligned along the [111] direction 
and 4A' uf adjacently bonded atoms of wurtzite.structure 
with its axis aligned along the wurtzite-c direction, con¬ 
sisting of S, Cd, S, Cd, S, Cd,.,S, Cd. The center of 
the helix is at L and each of the atoms of the helix is at 
position Lt v fl (for/3=0,1,2,... ,2A' lb +4A' B ,~;l). A sw- 
perslab of zinc-blende-wurtzite CdS consists of/all such 
helixes with the same value of Lj and all ^possible 
different values of £.) and L 2 ; and the superlattice is a 
stacked array of these supetslabs. If the origin of coordi¬ 


nates is taken, to ibe.at a S atom, the. a - and y axes are 
orientedvsuch that.a neighboring-cation is at (f, '^)o L , 

whtre.J t is the lattice constant-of the,zinc-blende struc¬ 
ture. 

We describe the electronic sink u .e -with a nearest- 
neichbor- tight-binding Hamiltonian. At each site there 
are'four jp 3 -basis orbitals !n.L,v (( ),,where h =Si p x ,p y , or 
p : and^=0/l,2,... ,2A' J;b +4A' u .—.1. (Because the semi¬ 
conductors exhibiting both wurtzite and zinc-blende 
structures also .iave large direct gaps, it is not necessary 
to employ an excited:s' basis orbital at each site. Such 
an orbital ; is useful for obtaining tl.v indirect conduction- 
band edges found in indirect-ban..-., ap semiconductors. 1,1 ) 
In terms of these orbitals we form tire tight-binding orbit¬ 
als 

!«,/3;k) : =A',“ l/J 2]exp(ik > L+ik'V 5 ) !n,L,v^) , (1) 

where k is any wave vector of the superlattice Brillouin 
zone. Here.A'j is the number of supercells. 

The minizone wave vector is a good quantum number, 
and so the tight-binding Hamiltonian is diagonal in k. 
Evaluation of. the matrix elements (n,/?, k 1 //in',/?’, k) 
leads to a tight-binding Hamiitohian of the block tridiag¬ 
onal form. For different /? and /?', the first three rows of 
block matrices are 


H(0,0) HI 0,1) 0 . . 0 H (0,2.V zb -r4A' tt , — 1) 

nho.i) mui) h u. 2 ) o o * ••• o o 

0 tf r (l,2) HI 2,2) H( 2,3) 0 ••• 0 0 1 (2) 

The last row of blocks is 

H\ 0,2.V lb +4A' u ..-l)00---0 H t {2A' lb +4AV.-2.2.V tb -r4.V tt ,-I) //{2A' lb ;-f4A' tt - l,2A' zb -f 4A’ U ,-i) . (3) 


Here H (/?,/?') depends on k and is given in terms of vari¬ 
ous 4X4 matrices for different n and n\ 

The diagonal (in/?) 4X4 matrix, #(/?,/?) at site/?, is 
e 5 0 0 0 

0 e. 0 0 

H {/?,/?) = (n./? 1 k|//in\/?, k-)— q q € 0 , (4) 

o o 6- -f, 

where the energies e s and e. in // (/?,/?) are the atomic en¬ 
ergy levels of the s and p states for the atom at the /?th 
site, and nu/ be obtained from tabulated parameters. 4 
Fora pure uructure-moduiated zinc-blende-wurtzite su¬ 
perlattice, we take the valence-band offset to be zero. 
That is to say, the cations and anions are assumed to 
have the y.me values of e, anO e. independent of whether 
they iie in a zinc-blende layer or a wurtzite layer. 


There are several distinct cases for which the off- 
diagonal (in /?! matrix elements (/:,/?,k; H|n',/?’, k) are 
nonzero (for /?#/?*). 

1. Zinc-blende intrasiruclurc matrix elements 

If /? and (¥ both refer to nearest-neighbor sites in the 
zinc-blende structure, we have, for example, 

ui,P t h\H\n',P’,k)-!l e , hw . {li , (5) 

if /? refers to a cation and /?' refer', to an anion. H c , baih 
is a 4X4 matrix whose rows ar.d columns are labeled by n 
and n\ which range over the values s, p x , p y , and p : . 
Similarly we have matrix elements H Jtb . clb . These ma¬ 
trix elements are 
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Co y , 

-c Q y, 

-c 0 f 4 

-c 0 k 4 

C 0 y } 

Co y i 

C 0 y } 

Co y } 

c 0 y s 

o 

o 

j: 

C 0 y 2 

C 0 y } 

C 0 y y 

C 0 y ! 

C 0 y } 

C 0 y 2 


K, = V(s,s) , 
v, = y(x,x) , 
Vj = V(x,y) , 
V± — Visa,pc) , 


Here we have C 0 =gJ, where we have 4g 0 = expf/k-Xo), 
and /4)( 1,1,1), with a L being the lattice constant 

of zir.c-blende CdS. Here k is the wave vector. In addi¬ 
tion, we have 


and 


K 5 = Vise,pa) , 

in the notation of Vogl et al ., 5 and 





V ^ 8 1 + S2 + S3> 


^<*|-*2-*3> 

y :(gt + sl + S3 ) 
y )( “Si S 2 + 8 }) 
y^-8\+gi-8i) 


y*l-8\+3:-g)) 
^<- 8 ,S 2 + 8 }) 
^(gi+gz+g}) 
V}(gl-g2-g}) 


v *l-8\~g2+g}) 
V }(-g\+g2~g}) 
y }^8 1 8 2 ~ 8 }) 
yi^i+gi+g}) 


(7) 


We also have 

4g, = explt'k-x,) , 
4g 2 = exp(/k-x 2 ) , 
and 


4gj = e.\p(/k-Xj) , 

with r M •- (< 2 t /4)(1, — 1, — 1), xj = (a t /4)( — 1,1, — 1), and 
X 3 —'/4-H — I, — 1 , 1 ). All ofthe matrix elements V are 
those tabulated 4 for CdS. 

2, IVurtsite intrastructure matrix elements 

The wurtzite structure has an exact hexagonal symme¬ 
try, and an approximate tetrahedral short-ranged symme¬ 
try: every atom is surrounded by a near tetrahedron of 
four atoms of the opposite species. The nearest-neighbor 
geometry is tetrahedral if the wurtzite structure has the 
ideal c/a ratio of (8/3) ,/ *= 1.633. In the idea! limit, the 
fundamental band gap of the wurtzite crystal structure is 
the same as fot the zinc-blende structure . 3 Most wurtzite 
semiconductors are very close to the ideal limit; for ex¬ 
ample, CdS, CdSe, ZnS, and ZnTo have c/a ratios of 
1.632, 1.630, 1,641, and 1.637, respectively.* In this pa- 


1 - - 

per we assume that the wurtzite is ideal, with the same 
bond length as its zinc-blende partner. As a result, the 
wurtzite matrix elements, in a r.carest-neighbor tight- 
binding model, are related to the zinc-blende matrix ele¬ 
ments, as follows. 

If P and P' both refer to nearest-neighbor sites in the 
wurtzite structure, we will also have 

Ut,p,k\H\n',P',k.)—H (%u . :a w -. ( 8 ) 


Similarly we have matrix elements These ma¬ 

trix elements are 


Co y t 

tC 

o 

o 

i 

-c 0 f 4 

-c 0 k 4 

c 0 y } 

C 0 v i 

C 0 y } 

Co y } 

C 0 y s 

C 0 y } 

C 0 y : 

C 0 y , 

c 0 y > 

C 0 y } 

Co y > 

C 0 y 2 


(9) 


Here the C 0 and V,’s are the same as defined before. This 
form is exactly the same as in ( 6 ). For the wurtzite struc¬ 
ture we have two different forms of because 

there are four atoms in each unit cell (as opposed to two 
for zinc-blende); one is the same as in Eq. (7) and the oth¬ 
er is 


f/, 4(^4 + ?5 + ?6> 

-|/ 3<-5g4-gs-i-g 6 )/3 

-^4-^j-5g 0 )/3 


f / 4(-5g 4 -rg J -g 6 )/3 

K 2lg4-b F,,(gj+g,) 

~ ,/ 31 ( S4+g5 ) “ K 32S<, 
~ +g 6 >~ ^ 28 } 


y.i<g4-ig}+gt)/3 

-y)i(84+8})+y}2g» 

V 2\8} + y 22 ( 8 s+ 8 t,) 
- y }i‘8}+g<,)+ y }2g4 


y *(gi+g}-5gJ/3 
- y }i(8^- r 8J+ y t; 8 s 
- y }i<8}+3o>+ y r.84 
y 2 i 8 <,+ y ::<3i ~g}> 


Here we hav< 
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I'll =(25V ppo +2V pp „)/n= V(x,x)+% Vlx,y) , 
y ppa + 26V ppv )/2^ VU,x)~ |i Vlx.y) , 

V 3l —5Y(x,y)/9 , 

Y 32 = V(x,y)/9 , 

4g 4 = exp(/k-x 4 ) , 

4g 5 = cxp(/k-x 5 ) , 

and 

4g 6 = exp(/k-x 6 ) . 

We also have x 4 =(a t /4)( —j,4,4), x i ={a L /4)U.-j,j), x 6 =(a J r_/4)(4,4 1 —L), and parameters V which are those 
tabulated 4 for CdS. V 

3. Interstructure matrix elements 


The fact that the location of the zinc-blende-wurtzite interface is ambiguous means that one must (i) develop a for¬ 
malism that treats the interfacial matrix elements the same, independent of interface choice, and lii) select a specific in¬ 
terface for a particular calculation. There are two distinct forms for Hamiltonian matrix elements connecting one atom 
in the zinc-blende structure with another in the wurtzite structure. They are 


H, 


a.w.c.ib ' 


*V“Si +si-*j) 


Y*(8\-gi-gi) 

*V-*l+*2“*J> 


y i(-8\~8:+g^ 

f/ 2(«l^2 + S3> 

Y}(g,-gi-g } i 


Y*(~g)-g2-gi) 
Y}(-g>+g2-g)) 
^Vst-g’-gj) 

Kjfgl+gjT-gj) 


and 


ffe. 


,zb 


K^C^Cj + Cj) 
-F 5 (C,-C,-C 3 ) 
-F 5 (-C,-fC,-Cj) 
-F 3 (-C,-C 2 + C 3 ) 


K 4 (C,-C : -C,) 
KjICj -t-Ci-rCj) 
F 3 (-C,-C, + C 3 ) 

I' 3 (-C,+Cj-C 3 ) 


F.( -C| -r Cj —Cj > 
Kjt-C.-CjfCj) 
k\(C, +C ; -rCj> 

KjIC,-C;-Cj) 


,7 4 ( — C, — f 

■2 +C 3 ) 

K 3 (-C, H- . 

■:-C 3 ) 

K 3 (C,-C : 

-Cj) 

F,(C,+C\ 

“Cj) 


( 11 ) 


( 12 ) 


r 


In the limit N lb =0, this Hamiltonian reduces to the 
Hamiltonian of Ref. 4 for bulk wurtzite material. In the 
limit N w — 0 it becomes the sp* zinc-blende Hamiltoni¬ 
an. 3-6 Values of the parameters for this Hamiltonian can 
be taken from Ref. 4 or 3. 

In this work we study electronic structure for superhel¬ 
ices as large as A’ (h + 2A U . = 20; that is, in 40-atom-thick 
superslabs. The dimension of the Hamiltonian matrix at 
each value of k is 4(2A', h + 4/V u .). because there are four 
orbitals per site. We diagonalize this Hamiltonian nu¬ 
merically f«r each k, finding its eigenvalues £,. k and, if 
necessary, the projections of the eigenvectors !y,k) on 
the |/t,£,k) hybrid basis: In.P, k!}\k). Here y is the 
band index (and ranges from 1 to 160 for . v /h = 2A'„. = 10) 
and k lies within the superiattice mini-Brillouin zone. 

I). Deep ho els 

The theory of deep leu.!' is based on the Green's- 
function theory of Hjalmar.son el al., 1 winch solves the 
secular equation for the Jeep-level energy £ 


det('--G(£)n=0=de. 



5 (£'-//) 
(£-£') 


dE' V 


(13) 

Here I is ihe defect potent;?' matrix, 7 which is zero ex¬ 
cept at the defect sue and diagonal on that site 
()',. , V , \' r ) in the sp i Lea! basis centered on each 
atom. We also have G = (£ -- H)~ . where H is the host 
t:g”ii-binding Hamiltonian perator. The spectral density 
operator is 5(£‘-//) and P denotes the principal-value 
integral over all energies For energies £ in the funda¬ 
mental band gap of the superiattice, G is real. 

A substitutional point defect in bulk zinc-blende CdS 
nas tetrahedral iT d ) point-group symmetry. Each such 
j-and p-bon.led defect normally has one s-ltke (.-1 1 ) and 
one triply oegeneiatc p -like <7' l deep defect level near or 
in the fundamental band gap. If we imagine breaking the 
symmetry of bulk zinc-blende CdS by making it into a 
zb-CdS, zb-CdS superiattice along the [111) direction, we 
reduce the T d symmetry to C,,. A substitutional point 
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defect ir. bulk wurtzite CdS also has C iu point-group 
symmetry, and so in the zinc-blende-wurtzite superlat¬ 
tice and s- and p-bonded point defect will have C, t , sym¬ 
metry as well and will produce two a, levels (one s-like, 
derived from the .-l : leve and one 7%-derived p g li'A 
and one doubly degenerate c level (p. like). 

The secular equation, Eq. (13), is reduced by the C 3u 
symmetry to the fo!lo\ ing two equations: 


AND JOHN'Di.DOW 
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G(e\E)=V p x 



(14) 

for e levels, and 




'Gls,s-,E)V S -1 
det • G(a,s\E)V s 

G(s,cr,E)V r 
G(a ,a)E)V p — 1 

|=0 , 

i 

(15) 


for a | levels, where we have 


G(e\E)= X llPy.&kly.k)—(p.,/?,kly,k)P/2(£—£ y _ k ) , 

•/A 

G(s,s\E)~ 2 IU£,k|y,k>i 2 /(£-£ yi ) , 

rA 

G(a,cr,E)= 2 |(p J( /?,lt|y,k> +(p y ,)3,kl>',k)H-(p../3,k|y,k>| J /3(£' —£ y k ) , 
rA 

and 

G(s,cr]E)= ^[{j,£,k|y,k>]X[(p ;t ,/5,k|y,k>+(p > ,,)3.kly,k) +(p ; ,/?,ltjy,k)]*/[v'3(£ — £ nlt )] . 
rA 


(16) 

(17) 

(18) 


(19) 


Here G(a,s;E) is the Hermitian conjugate of G(s,o\E) 
and (3 is the site of the defect in the superlattice. 

For each site £ the relevant host Green's functions, 
Eqs. (lb)-(19), are evaluated using the special points 
method/ and the secular equations (14) and (15) are 
solved, yielding E(e\V p ) and two values of £(a.; V.), 
and £<7,; l',). The defect potential matrix elements V t 
and V p can be considered as the same as the defect poten¬ 
tial in the zinc-blende structure. 

III. RESULTS AND DISCUSSIONS 
A. Superlattice band structures 

Once the Hamiltonian is defined, the superiattice band 
structure £ y k is determined by diagonalizing it for each 
wave vector k in its Brillouin zone’ (Fig. 2), which is the 
same as the wurtzite Brillouin zone, except that the T•• A 
length is reduced by a factor of 2/(N lb +2N w ). 

Provided the wurtzite structure has the ideal c/a ratio 
of(8/3) l/2 , the bulk zinc-blende, bulk wurtzite, and zinc- 



FiG. 2. The Brillouin zone for the 2X1 zinc- 
biende-wurtzue structure-modulaied superiattice. 


blende-wurtzite superiattice structures are physically in¬ 
distinguishable when viewed only in the growth direction. 
The differences in three structures '>ecotr.e apparent only 
whe\ viewed along directions deviating from the growth 
axis. Therefore, for wave vectors k corresponding to 
the growth direction, the dispersion relations £ n (k) 
and effective masses are the same as for the constituent 
zinc-blende and wurtzite materials. Hence zinc- 
biende-vurtzite superlattices made from direct-band-gap 
zinc-blende and (ideal c/a ratio) wurtzite materials are 
also direct-band-gap semiconductors with the same value 
of the fundamental gap at the T point of the Brillouin 
zone as the zinc-blende and the (ideal) wurtzite bulk ma¬ 
terials: 2.60 eV fc CdS. (Note that c/a for CdS is 1.632, 
only 0.05% different from the ideal ratio of 
(8/3) 1/2 = 1.633; hence the approximation of an ideal 
structure should introduce only small errors in the band 
structure, of order meV, the same order as found for 
lnN. i0 ) The lo vest superiattice conduction band, as com¬ 
puted in the present model, is displayed for the 2X1 
zinc-blende-wurtzite superiattice in Fig. 3; correspond¬ 
ing results for the highest valence band are given in Fig. 
4. In the T- A or [111 j direction, the dispersion relations 
£„(k) are (he same as for the zinc-blende or the (ideal) 
wurtzite bulk materials, but in the T-A/, or [2, T, I] 
direction and the T-K, or [0,1,1], direction the superiat¬ 
tice band structures deviate slightly from the bulk elec¬ 
tronic structures. 

A quasiparticle’s resistance to accelerat on by an ap¬ 
plied electric or magnetic, field is determined by its 
effective mass. In Fig. 5 we display the calculated 
conduction-band and valence-b.md effective masses in the 
T- A, T-Af, and T -K symmetry directions, versus layer 
thickness of the superiattice. In our model, the 
conduction-band effective mass is unchanged in the su¬ 
periattice, because the lowest conduction band is nonde¬ 
generate and its effective mass is isotropic for both zinc- 
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Conduction-Band Structure 



FIG. 3. The calculated lowest conduction-band structures in 
the three symmetry directions, T-/1, T-A/, and T-A', of the 
2 X1 zinc-blende-wurtzite superlattice (solid), bulk zinc-blende 
(dashed), and bulk wurtzite (dot-dashed) CdS. Note that the 
three are the same in the T- A growth direction. 


blende and wurtzite structures. The valence-band mass 
of the superlattice in the r~A growth direction is in¬ 
dependent of layer thickness and is the same as in either 
zinc-blende or wurtzite CdS. However, in the directions 
perpendicular to the growth direction, the valence-band 
masses change from the effective masses of wurtzite to 



ZINC-BLENDE THICKNESS N zb 


FIG. 5. The calculated reduced effective masses m*/m 0 of 
the valence and conduction bands of a N^XN m zinc- 
blende-wurtzite superlattice in the T- /< (solid), T-Af (dashed), 
and T-A (dot-dashed) directions as functions of zinc-blende 
layer thickness N ti , with A’ lb -r 2S V = 20. 

those of zinc-blende. The zinc-blende mass is anisotropic 
(because the valence-band maximum is triply degenerate 
and zinc-blende is a cubic structure) while the wurtzite 
mass is isotropic. The isotropy of the wurtzite valence- 
band mass is due to the combined effects of the lower 
symmetry of the wurtzite structure ar.o the ideal c/a ra¬ 
tio. (For an ideal c/a ratio, the wurtzite valence-band 
maximum is triply degenerate, but for nonideal c/a it is 
nondegeneiate with a doubly degenerate band slightly 
below it.) 


Valence-Band Structure 



Vjvc Vector 

FIG. 4. The cai elated mgm-.st valence-band structures in the 
three symmetry d>rec!.,..: T- s, T-A/, and T-A', of the 2x 1 
zinc-blende-wurtz.'. *. ;>c.'lai.,ce isohd), bulk zme-biende 
(dashed), and bulk wunci.e 'dot-dasiieot CdS. 


B. Deep impurity levels 
in zinc-blende-wurtzite s* perlatticcs 

Deep impurity levels are evaluated using Eq. (13) with 
the relevant parts of the spectral density operator 
6 (E'-H) expressed in terms of the Green’s function 
(16)—(19). Since these Green’s functions depend on the 
superlattice band structure, which differs only slightly 
from the bulk zinc-blende or wurtzite band structures, 
the deep-level energies in the CdS zinc-blende-wurtzite 
superlattice are virtually the same as for the same substi¬ 
tutional impurity in bulk zinc-blende or bulk wurtzite 
CdS." Hence -!iailow-deep transitions as the layer 
thicknesses vary 1 * are not to be expected for impurities in 
zinc-blende-wurtzite superlattices. 

C. Long-ranged versus short-ranged order 

Although the buli. zinc-blende and ideal-wurtzite 
structures are very different when Mewed at long range, 
their short-ranged orders are both tetrahedral and identi¬ 
cal (up to second-nearest neighbors!. This short-ranged 
order leads to electronic structures of the two bulk ma¬ 
terials that are almost identical, and to a zinc- 
blende-wurtzite superlauice eie.trunic structure that is 
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almost the same J as the bulk zinc-blende or wurtzite elec¬ 
tronic structure. Clearly the short-rar.ged tetrahedral 
bonding, rather than any long-'anged zinc-blende, wurt¬ 
zite, or superlattice order, is dominant in determining the 
electronic structure. While the concept of a structure- 
modulated superlattice is interesting, and the topology of 
the ambiguous zinc-blende-wurtzite interface is exciting, 
the practical con equences on electronic structure of 
growing such structures seem to be limited to introducing 
small anisotropies into the dispersion relations £„(k). In 
particular, such superlattices offer the possibility of intro- 
due ;;g changes into the vaience-band effective mass 
without significantly altering the conduction-band mass 
or mass isotropy. 

Finally, we do expect some differences between the 
phonons in zinc-blende-wurtzite superiattices and the 
parent compounds. Although the materials will be iden¬ 
tical when viewed along the V-A (growth) direction, as¬ 
suming an ideal c/a ratio, there will nevertheless be 
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IV. Si MMARY 

The calculations presented here are, we believe, the 
first calculations of the electronic structure! of structure- 
modulated semiconductor superiattices. We hop; that 
this work will stimulate efforts to grow such interesting 
artificial materials. 
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Local-density pseudofunction calculations of local He—Te. local Cd—Te, and s'.-rage bond 
lengths in Hgo. 5 Cdo. 5 Te are reported and compared with data and with other theories. Our results 
agree with extended x-ray-absorption fine-structure data and a phenomenological strain theory 
which show that the perfect compound-crystal bond lengths are virtually conserved in the alloy, but 
conflict with previous theories which predicted large bond relaxations away from the average bond 
length. The calculations imply that charge transfer from Cd to Hg is quite small in these alloys. 


I. INTRODUCTION 

Vegard’s law for pseudobinary ternary alloys such as 
Hg|_ x Cd x Te states that t..e average bond length </ ave U), 
as measured by x-ray diffraction, .’ariex linearly as a func¬ 
tion of alloy composition x-. 

<W-* ,=S { 1 !rf H S Tc<0)+x</ CdTl .( 1> • 

Here the bond lengths d are related to the corresponding 
lattice constants a L by a geometrical factor: 

d(x)=y/l/4a L lx). In 1982 Mikkclsen and Boyce 1 
showed that the local bond lengths (or nearest-neignbor 
distances) in pseudobinary alloys, as measured by extend¬ 
ed x-ray-absorption fine-structure (EXAFS) spectroscopy, 
do not obey Vegard’s law, but instead are nearly con¬ 
stant. As applied to Hg|_^Cd,Te, the Mikkelsen-Boyce 
result for the local Hg—Te and Cd—Te bond lengths 
and cjtc( A 1 w’ould be 

rf CdT« ( *> = ' 1 -xW C dTcl°) + ^CdTc ( 1 > 

and 

^!: ; if ( * )= < 1 -xid Ht j t {0)-rxd Hert l 1) , 

w'here rfcdTe'O' and o HpTl .(li have the physical interpreta¬ 
tions of a Cd—Te impurity bond lengtl in HgTe and a 
Hg—Te bond length in CdTe. In a firs; approximation, 
these bond lengths are unaffected by the alloy. 

^CdTc^-^CdTe^' 1 
and 

Mikkelsen and Boyce, who studied lll-V nllo.s, did find 
deviations from this first approximation which were 
linear in alloy composition a, normally with the property 
that the local bond lengths in the alloy 'elaxed toward the 
average. This idea, applied to Hg.^Cd^Te, would have 
both the Hg—Te and Cd—Te local bout, lengths expand¬ 
ing with increasing .v, because CdTe has a larger lattice 
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constant than HgTe. In 1985 and 1987 Sher el air and 
Hass and Vanderbilt 3 presented theories proposing that 
the local bond lengths relax away from the average in 
Hg,_,Cd x Te. Recently, Newman et al have developed 
a phenomenological strain theory for pseudobinary ter¬ 
nary alloys and applied it to I1I-V alloys. In this paper 
we evaluate the theory of Newman et al. for 
Hg,_ i Cd x Te, and find that it predicts very small bond 
relaxations toward the average. 

Thus there is a clear-cut disagreement among the 
theonsts concerning both the sign and magnitude of the 
local Hg—Te and Cd—Te bond-length iclaxaiions in 
Hg,_ x Cd A Te alloys. On one hand, Sher et al., 1 using a 
tight-binding theory, and Hass and Vanderbilt, 3 using a 
norm-conserving pseudopotential method, have both pre¬ 
dicted that the local Hg—Te and Cd—Te bond lengths, 
d H( y t lx) and d Cirt (x), (ii are significantly different in the 
x=0.5 alloy (by ~0.03 A) from the perfect-crystal limits 
^HgTr(0) = A and d c<nv «'!!=2.806 A, and (ii) reia\ 
away from one another as a function of alloy composi¬ 
tion. That is, in the alloy we have, according to these 
theorie:., v)<rf HfTc (C) and (/ CoTl .tA)><f CdTt . 1\ On 
the other hand, the model of Newman et ai.f which uses 
a phenomenological strain theory, implies that the bond 
lengths are almost unchanged in the a f loy and relax 
slightly toward one ..nother. The predictions of the New¬ 
man theory are given in Fig. 1. While the conclusion of 
Newman et cl. conforms w : th the in.mtive expectation 
that bond lengths in the ahoy should relax toward the 
average, the Newman theory is lacking the essential ele¬ 
ment which Sher et al. and Hass and \ andeibilt point u 
as being responsible for the counterin', ilive relaxa.ion, 
namely charge transfer in the alloy from Cd to Hg. Such 
charge transfer alters the Coulomb fmces between ions 
and . >uld contract bond lengths that would otherwise be 
expected to expand. However, both theories which pro¬ 
pose relaxation aw. y from the average Laxe employed 
phenomenological non-self-consisieu; repulsive potentials 
to simulate the effc.of d and core electrons and to pro¬ 
duce (by construction) the observed * 1011 ."! lengths m the 
a= 0 and 1 perfect-crystal limits. It is conceivable that 
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FIG. 1. Calculated Hg—Te bond lengths (squares) ^nd Cd— 
Te bond lengths (pluses) in the Hg|_,Cd,Te family'of com¬ 
pounds. For x =0 and 1, the bond length is that to the zinc- 
blende compound; for x = i, the ordered compound is luzonite 
(L) with three Hg—Te bonds for every Cd—Te bond, or fama- 
tinite (F) with two long and one short Hg—Te bond(s) for every 
Cd—Te bond. A similar result holds for x = |. For x — the 
(001]-oriented superlattices (5) and chaleopyrite (C) com¬ 
pounds have equal numbers of Hg—Te and Cd—Te bonds. The 
solid lines are the values to be expected within the alloy, inter¬ 
polated from the crystallite values, as discussed in Ref. 4. The 
dashed lines represent the perfect-crystal bond lengths of Hg— 
Te and Cd—Te, for comparison. (Cd—Te has the larger bond 
length.) 


these phenomenological potentials have obscure unphysi¬ 
cal features which inadvertently produce the large and 
anomalous relaxation of the bond lengths away from the 
average in the alloy. 

On the experimental side, the recent EXAFS data of 
Bunker et al , 5,6 indicate that the Hg—Te and Cd—Te 
bond lengths in the Hg|_,Cd,Te alloy are changed very 
little, if any, from the perfect-crystal values, and appear 
to be consistent with the predictions of Newman et al., 
but not with those of Sher et al. and Hass and Vander¬ 
bilt. (See Fig. 2). 

On the theoretical side, there is a clear need for a 
local-density-theory calculation 7 accurate enough to pre¬ 
dict the x=0 and 1 perfect-crystal lattice constants and 
to address the question of bond-length relaxation in the 
alloys. Such a theory should treat all of the atom-atom 
interactions self-consistently on a first-principles basis. 

In : l, is paper we present local-density-theory 7 calcula¬ 
tions of the bond lengths in the same Hg 0 5 Cd 0 } Te micro 
crystal model of the alloy as used by Hass and Vander¬ 
bilt. •’ We implement the calculations using the ps^u- 
dofunction method.'' 1 Unlike Hass and Vanderbilt, we 
treat the outermos* rf-shell electrons of Hg and Cd as 
valence electrons, on the same footing as the bonding s 
and p electrons of Hg. Cd, and Te; thus we have no need 
for a pheuo.nenologic. 1 potential to simulate the effects 
of d electrons and ct n address duectly the controversial 
issue in a cv npletely a priori self-consistent model: Does 
charge transfer lead to major relaxation of the bond 
lengths m the alloy away from the average bond length? 



FIG. 2. Calculated local bond lengths d HfTc (x) and d CiTt {x) 
in Hgi-^Cd.Te, vs alloy composition x (solid lines), assuming 
straight lines defined by d, ^ .(0.5), <f M , lc (0), dont^), and 
c/ c<jTe (l). The dashed lines represent the measured perfect- 
crystal bond lengths in HgTe and <f Cd T,(l) in CdTe, for 

reference, The EXAFS data are from Ref. 6. The phenomeno¬ 
logical .strain theory of Newman et al. at x = } is displayed as 
pluses. Note that the present theory and the Newman theory 
are consistent with the data. The theoretical results of Sher 
et al. and of Hass and Vanderbilt are denoted by squares and 
triangles, respectively. 


II. EVALUATION OF THE NEWMAN THEORY 
FOR Hgi-jCdjTe 

The Newman theory models the alloy locally at select¬ 
ed compositions x in terms of microcrysullites. For ex¬ 
ample, famatinite and luzonite crystal structures corre¬ 
spond to local alloy compositions x=4 and 4. The 
strain energies of these crystal types are expanded to 
second order in the bond elongations and the bond-angle 
distortions, with the coefficients of the expansions deter¬ 
mined by elastic-constant data, similar to a Keating mod¬ 
el. 9 The results cf this theory for Hg,_ A Cd A Te are given 
in Fig. 1. Details of the theory can be found in Ref. 4. 

III. CALCUI.ATIONAL METHOD 

All of the essential physics of this problem is linear in 
alloy composition .v, and so the issues involved can be 
resolved at any single composition we choose tother than 
x=0 or 1). Three natural choices present themselves: 
x =0.5, x —• 1, and x —0. The latter two choices corre¬ 
spond to the single-impurity limit, where the issue be¬ 
comes "is the bond length of a Hg impurity in CdTe 
significantly smaller than the perfect-eryst. i Hg—Te 
bond length, despite the fact that CdTe has a larger lat¬ 
tice constant than HgTe?” or "is the bond iength of a Cd 
impurity in HgTe significantly larger : .an d CdTe (1)?’ 
However, it is slightly more convenient for us to aeter- 
mine bond lengths theoro .aily in the .\=0.5 microervs- 
tal model, which also allow- a direct comparison with the 
work of Hass and Vanderbilt and Sher et al. Hence we 
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consider the bond lengths ir. Hg 0 5 Cd 0 s Te. 

Our calculations are based on lccal-dcnsity theory 7 and 
\c pseudofunction method . i Local-density theory gen¬ 
erally produces reliable changes of total energy, and so 
can be expected to predict structural properties. Its abili¬ 
ty to pred'Ct band caps and conduction-band structures is 
well known to be suspect, however. 10 The pseudouir.c- 
tion implementation of local-density theory has worked 
very well for a number of problems in semiconductor 
physics: It yielded a bond length in bulk Si only 0.59c 
different from the experimental value and a bulk modulus 
and its derivative with respect to pressure very close to 
the experimental ones. 11 It correctly described the 
Curie-constant data, 12 photoemission measurements, 13 
and inverse photoemission spectra 13 of Cd,_ x Mn^Te 
semiconducting alloys. And it correctly predicted that a 
monolayer of potassium on the Si(001)-(2X 1) surface 14 
would form metallic chains each with Si—K bond 
lengths of 3.3 A. (Subsequent experiments confirmed the 
predictions that the Si—K bond length is 3.14±0.1 A 
and that the Si—K bond is weak, 13 as is to be expected of 
a metallic chain model.) 

In the present study the outermost tf-shell electrons of 
the cations, Hg and Cd, are treated as valence electrons, 
on the same footing as the bonding s and p electrons. The 
remaining cation electrons are treated as a spherically 
symmetric core. The electrons of the Te anions are 
separated into s and p valence electrons and a spherical 
core. The core charge densities of all atoms are obtained 
by solving the Schrodinger equation for the spherical part 
of the total potential; this is repeated each self-consistent 
iteration. The inclusion of the core charge densities in 
the iteration procedure is essential for obtaining accurate 
potentials and d bands, since the d orbitals have their 
sharp maxima Jeep in the cure region. That is, a frozen- 
core approximation does not produce adequately accu¬ 
rate potentials and bond lengths. For the Hg 0 jCd a} Te 
alloy we use the same microcrystal model as that used by 
Hass and Vanderbilt. 3 Two geometric parameters, a and 
u, are adjusted to obtain the equilibrium lattice constant 
of the alloy, a L , which is obtained from x-ray-diffraction 
data and is a linear interpolation of the lattice constants 
of HgTe and CdTe. We use the same microcrystal unit 
cell for HgTe and CuTe, but fix u so that Te af'ms are at 
tetrahedral lattice points. As is usual in recent theoreti¬ 
cal bar i-structure and total-energy calculations, we u_e 
two special points” 16 to approximate the integration over 
the first Brillouin zone. Relativistic effects, except spin- 
orbit interactions, are included for all atoms. 


IV. RESULTS 
A. HgTe and CdTe crystals 

We determined the zero-temperature, zero-pressure 
lattice constant of HgTe to be 6.455 A [or 
^HgTeKh = 2 795 a], j n comparison with the room- 
temperature experimental value of 6.459 A (Ref. 18) [or 
d Hg i e '0> = 2,797 A]. Similarly, the calculated lattice con¬ 
stant of CdTe is 6.496 A [d CJTc (l) = 2.813 A], versus 


6.480 A [d CdTe (l) = 2.S06 A] measured at room tempera¬ 
ture. ,s These lattice constants were obtaineo by fitting 
calculated total energies versus unit-cell volumes to 
Murnag’nan's equation of state, ‘ 9 

E(V)= (B q V/B' 0 )(( V 0 /V) n "+B' 0 - 1 ]AB' 0 — 1) 

+const . 

Here, V 0 is the equilibrium volume; B 0 is the bulk 
modulus and B' 0 is its derivative. 

Our calculated derivatives of the bulk moduli B 0 with 
respect to pressure, B' 0 , are in good agreement with avail¬ 
able data, being 6.85 for HgTe and 6.70 for CdTe, versus 
6.4z0.6 measured at room temperature 0 for CdTe. We 
find bulk moduli £ 0 of 0.64 and 0.47 Mbar for HgTe and 
CdTe, compared with experimental values of 0.42 Mbar 
■at room temperature) (Ref. 21) and 0.49 Mbar (at 77 K) 
(Ref. 22) for CdTe and 0.43 Mbar (at room temperature) 
for HgTe. Hass and Vanderoilt 3 obtained bulk moduli of 
0.047 and 0.13 Mbar for HgTe and CdTe, using an ab ini¬ 
tio method which confined d electrons to their atomic 
cores. We also calculated the zone-center optical-phonon 
frequencies. They are 3.32 and 3.96 THz, respectively, 
for HgTe and CdTe, compared with experimental values 
of 3.64 and 4.20 THz. 21 Our calculations employed 9747 
plane waves to expand the interstitial parts of the basis 
wave functions. For the nonspherical parts of the charge 
densities and potentials, 72 557 plane waves were em¬ 
ployed. 

B. Hn. jCdo.jTe alloy 

For the Hass-Vanuerbilt microcrystal model of 
Hg 0 jCd 0 ,jTe we find an average lattice constant of 6.472 
A ldj, g = 2.802 A), essentially the same as the value ex¬ 
tracted from measurements of HgTe and CdTe, com¬ 
bined with Vegard’s law: j JVJ =0.5d HgTe (.x =0) 
—0.5c? CdT; U — 1 )=2.S01 A (or 6.470 A for the lattice 
constant). 22 Hass and Vanderbilt 3 also did well in com¬ 
puting the lattice constant, having been off the experi¬ 
mental value by only 0.5% for Hg 0 } Cd 0 jTe. However, 
their result was predicted by an adjusted 'heory that 
treated the d electrons phenomenologically and. by con¬ 
struction, was exact for HgTe and CdTe. In contrast, the 
pseudofunction method describeu here is a fully a priori 
theory. We compute local bond lengths in the alloy of 
d„ gTe (.x =0.51=2.795 A and d CdTc ',0.5) = 2.S10 A. The 
difference d CdTe (x =0.5)—d HgTe (.x =0.5) is 0.015 A, 
close to the experimental difference of 0.01 A in 
^CdT e H)— d HgTe (0). The bond-length relaxation parame¬ 
ter e is 

_ JHgTe-.x =0.5) —d CdTe (x =0.5) 

€ <VI S Te(* =0) —d C dT.-<* ~ 1 ) 

whrch is calculated to be t^J.S3. From the EXAFS re¬ 
sults of Pong and Bunker 6 on a number of pseudobinary 
ternary semiconductor alloys, e typically lies in the range 
0.6-0.8, but for Hg,__,Cd^Te seems to be ;ie.i r unity. 
Hass and Vanderbilt obtained e=5.8 and 3her >.t al. 
found e = 2. 





;!! 

IV. DISCUSSION 
A. Bond-length relaxation 

The present calculations reduce the uncertainty in the 
calculated a priori bond lengths in Hg t _ A Cd x Te alloys to 
about 0.01 A from 0.3 A. As a result, our local-density 
theory is consistent with the phenomenological strain 
theory of Newman et al ., 4 the lattice-constant data, 1 ' 
and the EXAFS data of Bunker et al . 5<> Because our 
theory contains physics absent from the models of Sher 
et al. and of Hass and Vanderbilt, it implies that the 
theoretical uncertainties in those calculations are of com¬ 
parable magnitude with the changes in bond lengths they 
predict. Thus the large bond-length relaxations away 
from the average are no longer to be expected in 
Hgj_ A Cd x Te, and the apparent discrepancy isetween 
local-density theory and both the data and Newman’s 
theory is removed. 

We believe that the large uncertainties of the theories 
of Sher et al. and Hass and Vanderbilt are due to their 
introduction of non-self-consistent phenomenological 
repulsive potentials, a common feature of both theories. 
These potentials are adjusted to produce the observed lat¬ 
tice constants of HgTe and CdTe. (In the Hass- 
Vanderbilt theory, the zone-center optical-phonon fre¬ 
quencies were fitted as well.) It. 'he model of Sher et al., 
this phenomenological potential is rooted in Harrison’s 
theory of the total energy 15 and accounts for the repulsive 
interactions between electronic charges. In the Hass- 
Vanderbilt theory, the repulsive potential compensates 
for having confined the d waves to the atomic cores. 
Such a potential may be adequate for the perfect crystals 
where all atoms occupy perfectly tetrahedral sites, but it 
should be regarded with suspicion in alloys—especially 
for calculations of bond lengths of four-digit accuracy. 
We believe that our approach, with an a priori self- 
consistent potential, is preferable for calculations requir¬ 
ing accurate bond lengths. 

B. Charge transfer 

The anomalous bond-length relaxation found by Sher 
et al. and by Hass and Vanderbilt was attributed by them 
to electronic charge transfer from Cd to Hg, which pur¬ 
portedly destabilizes the Hg—Te bond. 

We have calculated the charges inside muffin-tin 
spheres of radius 1.4 A for cations in HgTe, CdT\ and 
HgojCd.j.Te, and find them all to be the same, within 
0.001 electron. The charge in a Te mufnn-tin sphere of 
Hgo. 5 Cdo. 5 Te is the same as the average for HgTe and 
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CdTe, to within 0.001 electron.. [The Te charge in CdTe 
is slightly larger than in HgTe, due'to the larger (Pauling) 
ionicity of CdTe.] Thus, (i) the ionic charges are deter¬ 
mined primarily by nearest-neighboring bonding, (ii) a 
virtual-crystal model of the Hg,_ A Cd A Te electronic 
structure is appropriate for the uppermost valence and 
the lowest conduction bands , 14 and uii) we find no evi¬ 
dence of anomalous or large charge transfer in the 
Hg,_ t Cd A Te alloy. (Wei et al. reach a qualitatively 
similar conclusion. 11 ) 

In summary, we believe that the extra self-consistency 
of our calculations, compared with previous ones, limits 
the charge transfer to 0.001 electron. Furthermore, the 
proper treatment of d electrons, their orbitals, and their 
hybridization with s and p valence electrons is an impor¬ 
tant feature of our approach. These two features com¬ 
bine to reduce the tlroictical uncertainty for our local- 
density calculations and to p.ovide a modicum of 
justification for theories such as that of Newman et al. 
which neglect charge transfer and consider only internal 
strains for computing bond lengths in alloys. 


V. CONCLUSIONS 

Our ab initio pseudofunction total-energy calculations, 
which treat the d electrons of Hg and Cd atoms self- 
consistently and on the same foot- ; as valence s and p 
electrons, are able to obtain the H:—Te and Cd—Te 
bond lengths in HgTe, CdTe, and Hg, <Cd 0 J Te accurate¬ 
ly to within a few tenths of a percent. Our results show 
that, to a good approximation, the Hg—Te and Cd—Te 
bond lengths are constant in Hg^Cd.le alloys, and 
that any bond-length relaxation is verv an.. !1 indeed. 

A muffin-tin charge transfer analysis shows that charge 
transfer from Cd atoms to Hg atoms in Hg 0 jCd 0 }Te is 
insignificant, about 0.001 electron. Within the applicabil¬ 
ity of the micro-crystal model for Hgj_,Cd,Te alloys, 
our results indicate that the properties of the nearest- 
neighbor bonding of the limiting crystals HgTe and CdTe 
are virtually preserved in these semiconducting alloys. 
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The anomalous Curie-constant data for Cdj. x Mn x Te alloys are explained in terms 
of spin-polarization of the valence band j and p states by Mn. The theory, which is 
based on an a priori spin-unrestricted pseudofunction local-density approximation, 
illustrates the consequences of Hund's first rule in solids. 


1 . Introduction 

Recent magnetic susceptibility measurements of zinc- 
blende Cdj. x Mn x Te alloys revealed Curie-law behavior, 
but with anomalous Curie constants that did not fol¬ 
low the expected dependence on alloy composition x for 
x>0.4 [1]. 

C = A x S(S+1). (1) 

Here A is a constant and S is the spin of the Mn ion, 
which is 5/2 for the free Mn + 2 J 0 n in the (M)S con¬ 
figuration, according to Hund’s first rule (2j. For small 
Mn concentration x, Spalck et al. found the expected 
behavior, C=AxS(S+l), with a spin almost equal to the 
free-ion value. S = 2.47 ± 0.05. for Cdj. x Mn x Te. How¬ 
ever, the Curie constants increased above their expected 
linear dependence on x for high Mn concentrations. 

2. Effective-spin and Hund’s first rule 

In this paper, we shall present calculations which 
explain the anomalous super-linear x-dependence of 
the Curie constants of Cdj. x Mn x Te in terms of spin- 
polarization of the valence bands by Mn. We shall write 
the Curie constant as 

C = A x S(x) (S(x)-rll, (2} 

where we have the effective-spin 

S(x) = (5/2j + q(x)/2. (3) 


The valence-band spin-polarization function q(x) can be 
interpreted as the number of additional spins, beyend 
the five spins associated with the d-electror.s. in the 
vicinity of a Mn nucleus of zinc-blende Cd). >; Mn x Te. 
Note that zinc-blende Cdj. x Mn x Te has not b>.er. grown 
for x > 0.7 (1), but extrapolation to x=l (hypothetic 
cal MnTe) of a least-squares fit of Spalck's data pro¬ 
duces an experimental value r/ ex P(x=l) =- 1.2. More¬ 
over hexagonal, NiA.vstructure MnTe exists with a mea¬ 
sured spin-polarization function of rjgXjb'xd) = MG 
(3). (The smaller value of ij may be attributed to 
the larger Mn-Te separation, 2.91 A in the NiAs crys¬ 
tal structure, versus 2.73 A in the zinc-blende struc¬ 
ture.) Hence both hexagonal and hypothc.ical zinc- 
blende MnTe have “extra” electronic spins at each Mn 
site than can come from Mn d-clectrons. Clearly this 
spin must be associated with spin-polariz -d •> and p va¬ 
lence electrons. While there exist other calculations of 
the electronic structure of MnTe [4-7], to our knowledge 
none of those calculations have produced the significant 
spin-polarizatiu\ necessary to explain the susceptibility 
and Curie-constant data. 

In this paper, we report such a calculation, based on 
the local-density approximation [S] as implemented with 
the pseudofunction method [9], which we have mod¬ 
ified to handle spin-polarization. The i> -sic physical 
idea underlying the calculation is Hund's first rule [2j: 
A Mn atom in Cdj. x Mn x Te v.-if adopt a ground state 
that maximizes its total spin Six). Although this rule 
strictly applies only to free magnetic atoms, it must 
have an analogue in solids. With this in mind, we 
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have developed our local-density theory with a spin- 
dependent basis set that naturally allows hypothetical 
zinc-blende MnTe to adopt a lowest-energy antiferro¬ 
magnetic ground state of arbitrary spin-polarization in 
each atomic cell. 

Neutral atomic Mn adopts a ground- 

state configuration, with its /,» shell being closed and 
spinless. The 3d electrons of atomic Mn all have parallel 
spins, according to Hund’s first rule: maximizing the to¬ 
tal spin requires a highly symmetrized spin state, and an 
orbital wave function that minimizes the electrons’ mu¬ 
tual Coulomb repulsion (2). A similar correlation effect 
exists in solids, although the electronic configuration is 
more complicated due to coupling between atoms: the 
dominant configuration in zinc-blende MnTe (lb. 11 ) is 

(MntyaTMT)- 

In atomic Mn tin spin-7/2 configu¬ 

ration lies at too high an energy relative to the spin-5/2 
(5dl )(/j)“ configuration, and so does not contribute ap¬ 
preciably to the ground state, even though it has a larger 
spin. Dut in condensed matter this large-spin configu¬ 
ration has to be considered for the ground state because 
the energy necessary to transfer an t valence electron to 
a p-state is small. (This is analogous to the case of C, 
which assumes the (ls)-(2s)-(2p)~ atomic ground-state 
configuration, but finds a lower energy in condensed 
matter by f uming sp^ bonds from the (ls)^(2s\2p)^ 
configuration.) In fact, the ground state of Mn in MnTe 
is a linear combintition of configurations, including the 
spin-polarized configuration (WT)%f*T)U?T) and the 
closed-shell configuration ($d|as well as others. 
Our calculations show that such a spin-polarized state 
has a lower total energy, as expected from Hund's first 
rule. 

3. Method of calculation 

We use the pseudofunction method (9) together with 
local spin-density theory (3) to compute the electronic 
structure and ground state energy of zinc-blende MnTe, 
Cdo. 5 Mno. 5 Te, and Cdo. 75 Mno. 25 Te. This method 
has correctly predicted the 0.5 Bohr magneton spin- 
saturation magnetization of Ni [12] and has been ap¬ 
plied successfully to a number of problems concerning 
non-magnetic semiconductors (13,14). 

Using a uni: cell containing two Mn atoms and two Te 
atoms (4) to d-seribe MnTe, we considered ! '.<th antifer- 
romagnetic (AF) and ferromay.i-tic (F) phases of Mn, 
by aligning the spins on nearest-neighbor Mn ions either 
antiparallcl (AF) or parallel (FI Our total-energy cal¬ 
culations favored the (known) AF giound stum by 0.17 
eV/molecule, with a Mn-Te bond length of 2. OS A (as 
compared with the experimental value of 2.73 A (4,15)), 
an indication that the calculation* had adequately con¬ 
verged to orrect physics (10.17), The resultii .; conduc¬ 
tion bands, when pro.’’ c:ed onto a particula: Mn site, 
were highly spin-polau ni. a result that we h: 1 not an¬ 
ticipated. 

We repeated the calculations for Cdg 5 M 1 . . > ami 

Cdg.yjMng 2 sTe, using tlie standard per >un micro¬ 


crystal models: an eight-atom unit cell with the ( 001 )- 
superlattice structure and a sixteen-atom unit cell with 
the iuzonite structure, respectiveh (14,IS). 

4. Results 

By summing the net spin-d.nsity of the localized .«, 
p, and d orbitals centered on a Mn atom, we deter¬ 
mined the valcnce-band spin polarization: q(l) = 1.30, 
77 ( 0 . 5 ) = 0.30, and q(0.25) = 0.04. The minority-spin 
d-electn us actually contribute a small negative amount 
to i?(x). 

We compare the results of our a prion calculations 
for the spin S(.\) in a Mn cell with data in Fig. 1 . The 
smooth line for S(x) i» obtained by fitting to a parabola 
the calculated spin S(x) for three values of x: x=l, 0.5, 
and 0.25. The resulting parabola is S(x)—eQJ-ax+bx-, 
with Sg=2.41, a=0.34, and b=0.-.0. Not r the excellent 
agreement between the a prion theory a* d :he data. 

Initially our studies of MnTe and Cdj. x Mn x .Te were 
motivated not by a desire to understand magnetic sus¬ 
ceptibility and Curie-constant data but by phoioemis- 
sion experiments ( 10 , 11 ). Our spin-unpolarized calcula¬ 
tions produced density of states spectral ft atures. for the 
d-bands in particular, that agreed with previous theo¬ 
ries (4-7) but disagreed with the data by typically > 
leV. The introduction of spir.-pola.-ization produced (i) 
d-related photoemission peaks 3 5. 1 G. and 0.S eV below 
the valence band maximum (in agre^ mem with the data 
( 10 , 11 )), (ii) inverse photoemission spectra with the rel¬ 
ative positions of p. and d features in agreement with 
the data (10,11), and (iii) tripiy-peaked Te 5s partial 
densities of states induced by spin polarization, again 



Fig 1. Effective total spin S(x) of a Mn atom in 7 . 1 : 1 c- 
blende C<!-. x Mn.,.Te versus Mil conctiuraiion x. The 
solid line i* the paiabolio interpolation of the a priori 
calculations foi x=l/4, x=l/2, and x=l 'solid trian¬ 
gles) Tiie cncles are cxtractc J from Curie-constant 
data [1 
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in agreement with the data (10,11). Thus the theoret¬ 
ical framework developed to explain the spectroscopic 
data explains the magnetic properties of the.e materials 
as well. 

One might ask why the present theory produces 
such dramatic spin-polarization effects when other local- 
density theories have not. We beiieve that the difference 
in theories ultimately is traceable to the basis sets. The 
pseudofunction basis allows one to obtain a Hund’s-rule- 
like ground state because the basis contains realistic lo¬ 
calized spin-unrestricted states. Plane-wave basis sets 
emphasize the -nterstitial regions of a ciystal, and so, 
many plane waves are required to describe a localized 
d-function. To test our hypothesis that the difference in 
the results of the pscudofunction and plane-wave meth¬ 
ods is attributable to the basis sets, we restricted our 
bacis orbitals to be the same for spin-up and spin-down 
electrons. As expected, we reproduced the principal d- 
band feature at —2.4 eV below the valence band maxi¬ 
mum found in previous plane-wave implementations of 
local-density theory (4,5); this feature lies «1 eV lowe 
in our unrestricted pscudofunction calculation and in 
the data. Hence we concluded that charge transfer 
involving orbitals with diffeent spins is important in 


Cdi. x Mn x Te and that such charge transfur, since it in¬ 
volves localized d-states, is better handled in a pseudo¬ 
fur, rtion basis than in a plane-wave basis: The pscudo¬ 
function method handles the spin-polarization and the 
physscs of Hund’s first rule in a natural, transparer. 
way. 

t>. Conclusion 

The anomalous non-linear-in-x Curie constants of 
Cd]. x Mn x Tc alloys are attributed to spin-polarization 
of the valence electrons by the Mn The amount of 
valence spin-polarization is correctly predicted by a pri¬ 
ori spin-polarized pseudofunction local-density theory. 
This theory also correctly pr>-d : ted that the ground 
state of MnTe is antiferromagnetic and removed a num¬ 
ber of significant discrepancies between previous theo¬ 
ries and photoemission and inverse photoemission spec¬ 
tra. 
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The new magnetotransport and magneto-optical properties of the semimagnetic Cd. _ ^Mn^Tc 
semiconductor alloy series depend critically on the nature of the Mn-derived Estates. We examine 
here the electronic structure of these alloys with a combination of inverse photoemission 
spectroscopy.- core-level photocmission line-shape analysis, valence-band resonant 
photoemissior,. and local density pseudofunction theory. The spectroscopic data reflect the local 
Mn-Te coordination and are in remarkable agheement whh our one-eiectron calculations. We see 
no evidence of Mn-derived d states in the gap, and observe an experimental d *-</] exchange 
splitting of 8.4 + 0.4 eV, i.e., almost twice as large as expend from earlier theoretical estimates. 

The ground-state configuration of Mn in the solid is primarily Id \)(s\)(p\), and the super¬ 
exchange interaction has an important role in determining the stability of such a configuration 
relative to (d t )V. 


I. INTRODUCTION 

Ternary semimagnetic semiconductors 1 ' 1 -' are alloys in 
which magnetic atoms such as Mn randomly replace some of 
the cations in a II—VI semiconductor lattice The new phe¬ 
nomena that this class of materials bring to semiconductor 
science stem from the spin-spin exchange and super-ex¬ 
change interactions 6,u that involve the magnetic moments 
localized on the substitutional magnetic impurity, and the 
band and impurity states of the II—VI host.' 1 Such interac¬ 
tions result in large g factors giant magnetoresistance, large 
values of the Faraday rotations, and no' ei magnetotransport 
and magneto-optical properties. 6 

Critical parameters to model and understand the proper¬ 
ties of these materials are the ground-state energy of the Mn 
Stf'-'co; .guration. the 3d hybridization wit*, anion-derived/? 
states, the Coulomb correlation energy of the Mn 3d elec¬ 
trons. and the magnitude of the super-exchcge interaction. 
Gunnarsson er a! ' recently pointed out m a stimulating 
paper'he ... •» d.fftctilites involved in cal. dating ab initio 
the reuorm.d'zed Coulomb integrals in Anderson’s Hamil¬ 
tonian for ii.' '.onmetall: • systems of interest here. Experi¬ 
ment has to ;>i i‘vide the electronic information indispensable 
to model the properties of these materials anJ test the theo¬ 
retical approximations. 

In this purer we examine the prototypical Cd, _ , Mn. Te 
alloy syst. ", We have described in a recent rev iew‘ the con¬ 
troversy the; surrounds the po*.'iion and character of the d 
states in this system and emphasized howim erse photoem-s- 
sion ntav provide a crucial test of the calculations of the 
Coulomb interaction c> sampling the density of unoccupied 
electron states above the Fer .u level E, . Here we present 
what is, to our knowledge, the fu investigation of die excit¬ 


ed electron states of a semimagnetic semiconductor by 
means of inverse photeemissirn spectroscopy. We also ex¬ 
tend earlier photocmission spectroscopy studies of the elec¬ 
tronic structure, and interpret the data in the light of new 
self-consistent local-density pseudofunction i .iculanons for 
zinc-blende MnTe. Our results force a critical revaluation 
of many current ideas about the electron! • configuration of 
Mn. the magnitude of electron-electron correlation. • :id the 
validity of the one-electron approximation in ternary semi¬ 
magnetic semiconductors. A short summary of selected re¬ 
sults has been reported earlier. 

II. EXPERIMENTAL DETAILS 

The crystals used in the present studies were grown at 
Purdue University through a mod tied Bridgman method, 
and characteriz'd through x-ray difir;.. non and x-ray mi¬ 
croprobe analyst' as to crystallogi.tph.c plus- .nd Mn con¬ 
tent. Ail results were obtained on single-pluw. single crys¬ 
tals cleaved in si:., {x = 0, 0.20. 0 .'5, (• 45 and 0.4x0) in a 
suitabic spect.ometer at operating p i .ires of abou. 
— 5,> 10'" Torr. The data suinm..i;zcd ho. e have been ob¬ 
tained fivKn a number of cleavage -rfa. cs o: • .triable quali¬ 
ty. ranging torn high!, disordered to fiat tuiiiorlikc sur¬ 
faces. The data appear independent of cleave quality and 
provide information on -.lie bulk electronic structure. 

Inverse phoioemissjoi'. measuieiuents v co- performed di¬ 
recting a co ’imated monochromatic election ream at the 
cleaved surface and monochromuuzuig the emitted photons 
with a 0 5-m Row Hid : rcle moir rhton.a’.oi v> ;tn a qu. riz 
grating and a rncroehannelpiate de'ecior. 17 The combina¬ 
tion of the monochromator and a self-supporting A' filler 
allowed only phot ms with energy h =1-8(0 eV to r.ach 


656 J. Vc.:. Sci. Tec \ol. A < |3;, M 2 >/Jen 19C9 0734-. (0 ./89/030556-07S01.00 


i 1969 imeiican Vacuum Society 


656 






., yvall:'<f/‘i/.:‘inverse photbemission and resonant;photoemissrpn characteriiatioh,f 



the detector: The energy of the emitted photons is deter¬ 
minedly the radiative decay of the incoming electrons from 
initial-state energies E, of the solid to final empty states at 
energy Ej-(hv = E, — Ef). The final-state energies were 
scanned by varying the accelerating voltage of the Pierce- 
type electron gun while keeping constant the monochroma¬ 
tor pass energy. The resulting spectra provide information 
on '". total density of final states Ej weighted by an optical 
emission cross section that is a time-reversed photoemission 
cross section. This experimental technique has historically 
been termed bremsstrahlung isochromat spectro¬ 
scopy l8 (BIS) and is finding application in the analysis of the 
excited electron states of metals, semiconductors, and solid 
surfaces. 19 The overall energy resolution of the spectrometer 
was ~0.7 eV, as determined from the experimental width of 
the Fe'mi level cutoff in the BIS spectra from Mn or Au 
thick films evaporated in situ on the sample. 

Photoemission measurements were performed-!, at the 
Synchrotron Radiation Center of the University of Wiscon- 
sin-Madison. Monochromatic synchrotron radiation ob¬ 
tained using a 3-m toroidal grating monochromator and the 
800-MeV electron storage ring Aladdin was focused on the 
sample at an angle of ~45* from the sample normal. Angu¬ 
lar integrated photoelectron energy distribution curves 
(EDC’ ) were obtained for 40<Av< 120 eV by means of a 
commercial hemispherical energy analyzer. The overall en¬ 
ergy resolution (0.15-0.45 eV) and the position of the Fermi 
level were measured with the same method employed in the 
BIS experiment. 

III. RESULTS AND DISCUSSION 
A. Valence band 

The use of synchrotron radiation photoemission allows 
one to choose photon energies in the region of the Mn 
2p—2d transition and examine the Mn 2d contribution to 
the valence bands. Resonant photoemission at the Mn 2p~2d 
threshold yields a characteristic enhancement of the 3d cross 
sectirn at resonance (50eV) versus antiresonance (47 eV) 
that reflects the quantum-mechanical equivalence of differ¬ 
ent processes leading from the ground state to the same final 
state. We pioneered the use of this method to examine ter¬ 
nary semimagnetic semiconductors, 21 ’ and more recently the 
same method has been applio J by us and by other authors to 
Cd, _ ,Mn Jt Te. 4 ’ s,:i One process is the direct excitation: 

3p h 3d ; 'A(sp) 2 + hv-~3p h 3d A A(sp) 2 €f. 

The second process involves a 2p core excitation and a super 
Coster-Kronig decay: 

2p t '2d*A(sp)'- + hv— 3p'3d **4 {j/?) 2 —- 2p*'3d A (sp) 2 ef. 

The interference of the two processes yields a characteristic 
Fano line shape in the overall excitation cross section. 

Two methods used to analyze the 3d contribution to the 
valence density of states (DOS) invo've ternary-binary .a- 
lence-band EDC difference curves 1 and resonance-antne- 
sonance EDC difference curves/ In Fig. 1(a) we show an 
application of the first method to a Cd l)} <Mn„ 4 ,Te alloy 
Spec;.a for the ternary alloy and for CdTe at ic-onance 
(hv — 50 eV) have been normalized to the integrate.! inten- 
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FlC I (a) Ternary-binary difference curve for the valence-band emis¬ 
sion ofCd,,..Mn.n.Te-CdTe at the Mn ip-id rcsonan.,■ (/iv = 50eV). 

(b) Resoiu.’ c-antiresonancc difference curve («i - 50 and 47 eV) for 
Cd,,.. Mn,, ,.Te emphasizing the Mn id contribution to (he v.i,enee band 

(c) Resonance-annrcsonance difference curve (hv — 50 an.* 47 eV) for 
Cd„ M ,Mn,,_ v ,Tc. (d) Theoretic:,! /-projected density of Mai,- showing the 
Mn id character in unlifcrromagncnc zinc-blende MuTc The ground 
siaiv corresponds to a Mn configuration clove u> u! • i\s:)( p\) (—). 
Bro.- ‘enmg with a Gaussian instrumental w .. „ 'unction .. -.) facili¬ 
tates comparison with experiment (e) Mn Sc character in antifcrromag- 
netic zinc-blcnde MnTe for the (d I) V configuration (f) Configurator) 
interaction calculations of the photoemission final states for a Mnl e, 
cluster, from Ref. 4. 


sity of the Cd Ad cores scaled by a (1 — x) facior derived 
from x-ray microprobe analysis, and subtracted fiom each 
other. The binding energies in Fig. 1 (a) arc referred to the 
top of the valence-band maximum E, as de:. cd from a lin¬ 
ear extrapolation of the \ aience-bami edge. T ne dtp in the 9- 
11 eV region reflects the variation in the absolute intensity of 
the Cd Ad emission going from the ternary alloy to the bina¬ 
ry We did not perform a subtraction of the seconJar back¬ 
ground stncesue* a process yield- arb'irtty variate':' n the 
relative intensity of the features n> the 0-9 eV rang-. It. Figs 
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1(b) and lie) we slow applications of reso mce-antire- 
sonance difference* curve method to Cd„«Mii l| . l <Te and 
Cd (lsl ,Mn 0 , 0 Te samples, respectively. Such spectra have 
been obtained from EDO's at resonance <hv = 50 eV) and 
antiresonance [hv -- 47 eV) after normalization of the spec¬ 
tra to the integrated C'd 47 intensity. Such a in rmalization 
dues not take into account the variation with photon energy 
of the Cd Ad and of the Te 5s emission, both present in the 9— 
11 eV binding-energy range, or the small modulation in the 
relative intensity of the Cd Ad surface/bulk components, or 
the varying experimental resolution, which produce features 
in the difference curves in the 9.5—12 eV binding-energy 
range. 

The different criteria for normalization notwithstanding. 
Figs. 1 (a)—1 (c) are remarkably consistent. The Mn .v/con¬ 
tribution gives rise to a dominant emission feature 5.5 eV 
below a smaller low-binding-energy shoulder in the 0-2 
eV range, and a broad satellite in the 6-9 range. The results 
ol'Figs. 1(b) and 1(c) are in agreement with thoseof Refs.4 
and 21. and similar to what has been found for the selenide 
and sulfide senes. 4 " The lack of an important concentration 
dependence of the Mn ad features suggests that they mostly 
reflect the constant Mn-Te bonding situation. 4,71 

Previous local density functional and tight-binding calcu¬ 
lations of the ad contribution to the valence states'’' 7 '"'" 4 for 
MnTe and Cd, _ , Mn,Te alloys showed only limited agree¬ 
ment with photoemission results. This, together with the in¬ 
terpretation of optical data, 5 suggested that large final-state 
effects might be present, and stimulated the introduction of 
the configuration interaction cluster model by Fujimori and 
co-workers. 4 This semiempiir al model can address the 
screening of the ad hole, but cannot incorporate directly Mn 
37-Te 5p hybridization effects in the initial state. We have 
performed new spin-unrestricted local-density calculations 
of the band structure of antiferromagnetic zinc blende 
MnTe. Recent extended x-ray absorption fine-structure 
(EXAFS) studies' indicate that such a hypothetical com¬ 
pound should reflect the same Mn-Te local coordination 
found in the ternary alloys. The lack ofastrongcompo ::on 
dependence in the results of Fig. 1 suggests that the 3a con¬ 
tribution to the electronic structure should also be relatively 
similar in the ternary alloy and in the binary parent com¬ 
pound. 

Our electronic structure calculations employed a spin-un¬ 
restricted "-space pseudofunction method in the local den¬ 
sity approximation. Details on the method and a complete 
discussion of the results will be given in a longer forthcoming 
paper. 75 We found that the ground state of system is ar. anti¬ 
ferromagnetic phase of MnTe where the Mn atomic configu¬ 
ration is close to (7 ;,tJf)( p f), as predicted by Hund’s 
rule. Relative to the customary (7 f )'(s) 2 state, the spin 
maximizati-'u nh.mces the super-exchange interaction and 
modifies the Mn -7 and Te s binding energies. We show in 
Fig. 1(d) th. pr-'iected 5.7 density of states for the ground 
state of MnTe (solid line). We also show (dashed line) the 
same results convoluted with a Gaussian (a — 0.30 eV) to 
account for the effect of the experimental energy resolution. 
The agreement between theory and experiment is remark¬ 
able If we focus on Fig. 1 (a), i e., on the spectrum obtained 


with the more accurate ternary/binary normalization proce¬ 
dure, 3a features are observed at 0.7, 1.6, and 3.5 eV. Corre¬ 
spondingly, the one-electron calculations forecast 37 fea¬ 
tures .■! <).S. 1.6. and 3.5 eV (Fig. 1(d)). Only the broad 
satellite in the 6-9 eV range is not accounted for in the calcu¬ 
lations. 

To examine the importance of the Mn electronic configu¬ 
ration and of the resulting additional spin polarization of 
deuce and conduction bands, we calculated a MnTe elec¬ 
tronic structure in which restriction of the basis set and spin 
polarization yielded a Mn ground-state electron configura¬ 
tion closer to (d ; )'(xt) (j: ).with some contribution from 
the (d t) ? (xt)( pi), (d t )'(xi)( pi), and (7 ! )*( pl)( pi) 
configurations. The resulting Mn 37 character is showm in 
Fig. 1(e). The results of Fie 1(e) are similar to those of 
previous calculations/’ -7 w hien forecast a major 57 feature at 
2.4 eV that is not observed experimentally. The discrepancy 
between our results for the ground state ard those of earlier 
calculations will be discussed in detail in a forthcoming pa¬ 
per, but we anticipate here that the increased total spin m our 
results allows a simple explanation of the anomalous Curie 
temperature observed in Cd, _ ,Mn,Te alloys. 7 '' 

The origin of the 6-9 eV satellite is. in our opinion, still 
controversial. Only the calculations by Fujimori 4 provide 
structure in this spectral region. In Fig. 1(f) we plot the 
result of the configuration interaction calculation for a 
MnTeJ " cluster from Ref. 4. The multiplet lines derive from 
7 4 and 7 f L final-state components, corresponding to an un¬ 
screened 37 hole or to a 37 hole screened by charge tiansfer 
from a Te 5/i-derived ligand orbital! (-or a) to a,/orbital 
(e s or t :< ). Comparison of Fig. 1(f) with Figs. 1 a)-1(c) 
shows good agreement, and, in fact, the addition of lifetime 
and experimental broadening 4 yields a perfect reproduction 
of the experimental results of Figs. l(b)and 1(c). However, 
the model of Ref. 4 is semiempirical, in the senM. that the 
energy differences between the final-state configurations and 
the lifetime parameters in Fig. 1(f) are not known a priori, 
but are fixed through comparison with experiment. 

The cluster model does forecast a 6-9 eV satellite mostly 
due to the unscreened 7 4 final state. It is not clear, however, 
why an unscreened satellite of this kind would exhibit a rela¬ 
tive intensity increasing with Mn concentration, as observed 
in Fig. I and in a recent study of the electronic structure of 
metastable Cd, _ ,Mn,Te alloys formed in a wide range of 
composition through reaction of Mn thin film with 
CdTe( 110). We find that the intensity of the satellite relative 
to the mam Mn 37 3.5-eV laturc increases as C x, with 
C = 0.50 ±0.05 in the composition range explored (0 
<.v<0.95). 77 At this stage the specific origin of the satellite 
remains to be ascertained, although one can state in general 
that in a band structure picture the 0 6-. I.S-. and 3.5-eV 
features, should be assigned to a fully screened one-electron 
final state while the 6-9 eV feature* should be associated 
with a multieiectron satellite analogous to the one observed 
at about the same energy in MnO :s and NiO. :s 

8. Core level deconvolution 

Another crucial test of first principle calculat.ons for ter¬ 
nary semimagnetic semiconductors appears the influence of 
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BINDING ENERGY (.V) 


Fig 2 (a) EDO's for the Cd 4d and Te 5 j emission from Cd,. ,Mn,Te 
(x = 0, 020. 0 45. and 0.60) at Ai-=60 eV for all samples excepl 
CdojoMnowTe (Av= 57 eV). (b) least- square Ai (—) of (he expert- 
menial EDO for CdTe (•) i:: she 7-13 eV range Two Cd 4 d double! 
shifted 0 6b eV from each other reflect surface and bulk 4 d compvinents 
(c) Te 5s contribution to the EDC for CdTe in Figs. 2ia>—2tb> after 
subtraction of the Cu 4d contrihuuon from the overall spectrum i, A t For 
comparison »e show the result of a least-squares fit in terms of a Lorent- 
rial function convoluted with a Gaussian (—) td) Te 5s contribution to 
the EDC for Cu.. Mi\, w Tein Fig 2(a), after subtraction of the Cd 4<f 
contribution from the overall spectrum e) Te 5t contribution to the 
EDC for Cdo.Nltin^Tc in Fig 2(a), after - .ractionoftheCd4(fcontn- 
bution from the oserall spectrum (F Culcuiuied Te 5s line shape for the 
(d ’ 1’fs:)( pi) (—) and td ') V (- - -) configurationol Mn inantiferro- 
magnetic zinc-blende Mn fc 


super-exchange on the Te 5s states. Comparison of our cal¬ 
culations with and without full spin polarization, shows ma¬ 
jor differences in the predicted Te 5s line shape. The results 
are shown in the bottom-most section of Fig. 2. For the re¬ 
duced spin polarization in the (d t )V case (dashed line), 
theory predicts a single Te 5s feature located some 11.5 eV 
below £,, with a bandwidth of —0.5 eV. When the.y' polar¬ 
ization is correctly taken into account (solid line) theory 
predicts a 5s band some 1.5 eV wide, shifted to higher bind¬ 
ing energy and exhibiting structure at 12.7, 13.2, and 13.6. 
The polarization of the Mn sp electrons in our results yields a 
larger super-exchange interaction and a corresponding in¬ 
crease in dispersion and binding enetgy of the Te 5s states. 
This effect contributes substantially to stabilize the Mn 
(d t) 5 (st)(/>t) ground-state configuration."' As was the 
case for the DOS, the results of earlier calculations 6,7 ‘ :3:J are 
similar to those we obtained for a (d ;)V-like configuration 
for Mn in MnTe. 

The Te 5s line-shape characteristic of the spin-polarized 
(d !) 5 (st)(/7t) ground-state configuration appears to be 
the one we observe, although comparison with experiment is 
complicated by the partial superposition ofTc 5sand Cd 4 d 
states in the photoemission spectra. In Figs. 2(a) and 2(b) 
we show photoemission spectra in the 9-13 eV binding ener¬ 
gy region for Cd, __,Mn x Te alloys with x = 0, 0.20, 0.45, 
and 0.60 and hv = 60 eV (57 eV for Cd 040 Mn,, t0 Te). The 
spectra have been normalized to the integrated intensity of 
the Cd 4 d cores scaled by the Cd concentration (1 — x) as 
determined from x-ray microprobe analysis. The experimen¬ 
tal EDCs in Fig. 2(a) show a bro*d low-binding-energy 
shoulder at —9.35 eV that reflects the Te 5s emission and 
exhibits a complex dependence on the Mn content x of the 
alloy. In Fig. 2(b) we show a deconvolution of the Cd 4 d 
contribution in CdTe. A least-squares fit (solid line) to the 
experimental EDC (solid circles) was obtained in terms of 
two 4 d doublets (dashed lines) shifted 0.65 relative to each 
other. The high-binding-energy doublet was recently ob¬ 
served by John e; a!.- 9 and associated with a surface shift of 
the 4 d line. John et alr 9 associated the Te 5.» feature with a 
second Cd 4 d surface component shifted in the opposite di¬ 
rection. Although this suggestion and the arguments pro¬ 
vided to support it are quite ingenious, the Te 5s feature 
exhibits a cross section markedly different from that of the 
two Cd 4d doublets, a lack of escape depth invity that 
rules out a surface-related character, and an x dependence in 
the ternary alloy that rules out a Cd-rclated oiigin. 30 

In the fitting procedure of Fig. 2(b) each 4 d doublet was 
obtained through convolution of Loreiitz.an line shapes with 
a Gaussian function to account for the experimental resolu¬ 
tion Binding energy, width, intensity branching ratio, and 
spin-orbit splitting of the doublets were all determined by 
the least-squares fitting program, and are in gond agreement, 
within experimental uncertainty.’ 1 with .nose derived by 
John vt air 9 The two 4 d doublets obtained were then sub¬ 
tracted from the overall EDC tr isolate the Te 5> contribu¬ 
tion, shown in Fig 2'c) (solid triangles) The experimental 
Te 5s contribution in the binary compound is eompellmgly 
similar to the one predicted by ihco.y fo. the lew spin polar¬ 
ization, low super-exchange (d T) V ca^e, showing a single 
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emission feature centered «-me 9.35 eV beiow £,. (theory: 
i i.5 eV). It'we now use th; lilting parameters obtained tor 
CdTe and, neglecting ailoy broadening, scale down the Cd 
contribution by (1 — a), we can subtractthe Cd com tbu- 
tion from the ternary alloy EDCsof Fig. 2(a). We show the 
result for Cd, )S0 Mn :<) Te.md Cd, .,.Mn 0ll0 Te in Figs. 2(d) 
and 2(e), respectit. ! v. The Te 5> line in the ternary alloy 
exhibits a shift to men binding energy relative to the binary, 
an inc-case in banciwidtn and the emergence of three major 
emission features. For Cd, 4l) Mn ONl Te structure is observed 
at 9.6, i0.3 and , 1 eV. xith a total 5s bandwidth of ~2.5eV. 
This is m good agreement with the general tread expected 
from our calculations. The calculations, however, appear to 
overestimate the actuai binding energy of the major Te 5s 
band features. 
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Fig 3 la) lircrmurahlung wuihronij. iBIS) ■vpev.tra lYom CdTe (•) 
and Cd, M ,Mn, ,,Tc (/.) The vcnduelioii-band inminum £, vs0 9e\ 
above l he Ferrm level E, tor CdTe. t 2eVforCd , x .Mn,.Te. t o) A differ¬ 
ence eurve (C) derived from ihe BIS speura of Fig 3(a) is compared 
wall the result of*<v.al densiiv functional calculations of the total density 
of siater. above K. (—) for antiferroinjgnctic zinc-blende MnTe. The 
iheoreueal spectrum has been rigidly shifted to align the calculated fea¬ 
tures (vert;, j! bars) to ihe esperuncnial ones >c) Theoretical total den¬ 
sity of states for aiitiferromagreiu. /ins bUnde MnTe where Mn is m the 
artificial low-spin \d *) V configuration 


C. Cone jetion-band states 

The nature of ihe .3r/contribuiion to the density of states 
above £,- and the value of the Coulomb correlation energy in 
ternary semimagtietic semiconductors has been quite con¬ 
troversial.' In Fig. 3(a) we show BIS spectra for CdTe and 
Cd„ K „ Mn,. ; „Te in the 0-16 eV energy range above the Fermi 
level E r . The position of E, at the surface was 0.62 ±0.1 eV 
and 0.75 + 0.1 eV above the valence-baiui maximum for 
Cd„ M1 iMn„,, l Te and CdTe. respectively. F. ;ch spectrum in 
Fig. 3(a) was obtained as the sum of sew :• d quantitatively 
consistent spectra from difTerert cleaves, and corresponds to 
a total of some 150 h of data integration with a primary 
electron beam cut - -at of about — 200 q A. Electron-beam 
induced contamination was avoided by obtaining a new 
cleave every 6-8 h. Although special care was taken to ob¬ 
tain reli ibie contacts on each single crystal with indium and 
conductive epoxy, charging effects were observed for all 
samples with av0.45. We were able to obtain reliable data 
for samples with a — 0, 0.20, and 0.35. 

In Fig. 3(a) the BIS stictrum for CdTe (solid circles) 
shows structure at 4.0, a.7, and 9 eV above E F , superim¬ 
posed on a smoothly increasing secondary photon back¬ 
ground deriving from the decay of ineiastically scattered 
electrons. The spectrum forCd 0 3 oMn 020 Te (open triangle) 
was normalized for comparison to the 6.7-eV DOS feature of 
CdTe.' * A difference curve was obtained from the two spec¬ 
tra and is shown in an expanded scale (open squares) in Fig. 
3(b). Results for the a = 0.35 alloy are qualitatively consis¬ 
tent with those 'or the A = 0.20 alloys and are not presented 
here. 27 The conduction-band minimum £ c , expected at 0.90 
eV for CdTe and at 1.2 eV forCd oso Mn.. :o Te,‘ > isseenin Fig. 
3(a) as the end point of a tailing of states extending from 2.3 
to ~ 1.0 eV. 

New Mn-Te related features in the ternary alloys are ob¬ 
served in Fig. 3(b) at 4.2, 10.2, 12.2, and 13.8 eV (open 
squares). Analogous features are observed for the a = 0.35 
alloy. 53 An interpretation of these features is provided by the 
results of our pseudofunction local density calculations. We 
show in Fig. 3^0 ('valid line) the total DOS above E F for the 
anliferromagnetic zinc-blende ground state of MnTe. For 
comparison we also give in Fig. 3 (c) the analogous result for 
the reduced spin-polarization Mn(rf l )V case. The calculat¬ 
ed total DOS has been rigidly -liifted to higher binding ener¬ 
gy to align the main spectral features [vertical bars in Fig. 
3(b)) to those observed experimentally, in accord with the 
usual practice of local-density the. r v. 3J We observe a com¬ 
pelling correspondence between theoretical and experimen¬ 
tal features, /-projection of the theoretical DOS allows us to 
identify the main 4.2-eV feature as Mn 3</-den\ed, and the 
emission features at 10.2, 12.2. and 13.8 eV as primarily asso¬ 
ciated with Mn p states with some admixture of Te/; charac¬ 
ter. We foul d no evidence of (/-related emission in the gap. 
Upon deposition of 3 A of unreacted Mn on the cleaved 
surface, we clearly detected dominant td emission in tk • gap 
and the formation of a Fermi cutoff, demonstrating chut our 
experimental sensitivity would b we been sufficient ;o detect 
Mn 3 d states in the gap. if present. 

We can now estimate the d '-d. exchange splitting from 
the photoemission- and BIS-determined position of the mam 
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Mn 3 d features and the position of the Fermi level. We ob¬ 
tain an exchange splitting of 3.5 — 0.7 — 4.2 = 8.4 — 0.4 eV. 
Recent first-principle calculations for Cd, 1}0 Mn„ 5 H Te al¬ 
loys 7 predicted u Mn 2d r band only some 2.5 eV below £,.. 
and ash^rp dl feature within 2 eV from £,. with a resulting 
d ]-d\ splitting of 4.5 eV. Localized muffin-tin orbital calcu¬ 
lations lot antiferromagnetic zinc-blende MnTe by Podgor- 
ny : - yielded a value of 4 to 4.5 eV for the d :-d\ splitting. 
Earlier calculations for paramagnetic zinc-blende MnTe by 
•Masel; eial.'"* yielded a slightly larger value (5.5 eV). All of 
the calculated v alues are substantially lower than our experi¬ 
mental value of 8.4 + 0 4 eV or our calculated value of 6.8 
eV, which is 24% too low. In the case of Mn atoms in AgMn 
intermetallics." the experimental splitting between major¬ 
ity- and minority-spin states was also found larger (50%) 
than the value obtained from first-principle calculations (3.5 
eV). 

Better agreement is encountered with the results of earlier 
semiempirical calculations. Tight-binding semiempirical co¬ 
herent potential approximation (CPA) calculations for 
Cd, _ , Mn„Te (x = 0.3 and 0.") by Eherenreich cl al. v ' 
fixed the position of the d'. states 3.5 eV above £,, order to 
account fo- structure in the optical spectrum of the alloy 
relative to CdTe. 17 This, together with the photoemission- 
determined d t position 3.5 eV below £,,, yields a value of 7 
eV for the exchange splitting, similar to the result of 6.8 eV 
that we obtain from our one-electron calculations after re¬ 
normalization of thes-p band gap tc the experimental trans¬ 
port value of 3.2 eV. The semiempirical cluster model by 
Fujimori' 1 fixed the value of the Coulomb correlation energy 
to ~ 8 eV in order to fit the experimental photoemission data 
[see Fig. 1 (f) ]. Such a value is in good agreement with our 
BIS results, and is of the same order of magnitude as those 
assumed for Mott insulators such as M nO (9 eV ) a for which 
local density functional calculations also systematically un¬ 
derestimate band gap and d \-di splitting. 

A comparison of our results with optical data should iden¬ 
tify transitions from sp valence-band states to the unoccu¬ 
pied c states, that our BIS study puts 4.S — 0.3 eV above the 
valence-band maximum £,.. In fact, structure at 4.* eV has 
been observed in ellipsometry stud.es of Cd, _ _,Mn Jt Te, : ' 7 
and Kendlewicz' 8 has recently interpreted structure at 4.5 
eV in reflectivity measurements as demur, from sp—dl 
transitions Our work clearly supports this interpretation of 
the op.ical spectra, and the contention of L.uao.: that 

the optical stru.ture at lower binding ■ nergy (2.2 eV) 
should be explained in terms of standard interband transi¬ 
tion in zinc-blende semiconductors or Mn“ : excitomclike 
excitations that do not appear in band-sir' .-tare calcula¬ 
tions, rather than u. terms of sp~d transitions or d-d excita¬ 
tions. 1 ' 

IV. CONCLUSIONS 

Ou' photoenussion „:;J umm.- photocmission measure¬ 
ments of Cd,. , Mn,Te alloys, together with new local den¬ 
sity functional calculations of the .round state of MnTe rule 
out the large final-state effects oikc lought necessary to 
explain the discrepancies between theory ana photoemission 
experiments The BIS teJiniqut ; \mded the first direct 


experimental determination of the position of the d\ states in 
a ternary semimagnetic semiconductor. The value of 
4.8 ± 0.3 eV for the position of thetfl band is consistent with 
early interpretations of the optical data which recently came 
under criticism on the basis of presumed discrepancies 
between photoemission and optical results, and photoenus- 
sionand local density functional kmiH.s. \\ c find no evidence 
of such discrepancies in our results. From phoioemisxion 
and BIS data we determined a value of 8.4 - 0.4 eV for the 
d \-d\ exchange splitting, of the same order of magnitude as 
those assumed for Mott insulators, and alnv ■ -t twace as large 
as those predicted from earlier local density calculations. 
Finally, theory and experiments indicate that Mn in 
Cd, _ A Mn > Te ad >pts a spin polarized ground state with a 
(d t )'(.rt)( /7r )-like configuration in the solid, a result that 
has important implications in our modeling of the magneto¬ 
transport and magneto- 0 | iical properties of these materials. 
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tion. See \ Wall. A. Franciosi. and B. Rcihl (unpublished). 

"However, the rigid shift used in Fig 3 is some 1.6 eV higher than what 
would be necessary to align the calculated s-p band gap to the value of 3 2 
eV expected for the gap of MnTe (Ref. 7). 

"D. van der Marel.G. A. Sawaizky,and F. U Hillebrecht. Phvs. Rev. Lett. 
53, 206 (i'>84). 

11 H. Ehcrenreieh, K. C. Hass, N F. Johnson, B. E. Larson, and R. J. Lam- 
pert, in Proceedings of the 18th International Conference on the Physics of 
Semiconductors, edited by O Engstrom (World Scientific, Singapore, 
1987), p. 1751. 

,T P. Lautenschlager. S. Logothetidis. L. Vina, and M. Cardona, Phys. Rev. 
B 32. 3811 (1985). 
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By incorporating a II-VI semiconductor into a strained-layer superlattice, it should be possible 
to overcome the effects of deep hole traps near the valence-band edge and hence to dope the 
semiconductor p type in many cases. This idea is illustrated for CdTe/ZnTe superlattices. 


I. INTRODUCTION 

For many years, efforts to fabricate efficient light emit¬ 
ters, lasers, and other optical devices from large-band-gap 
(green to ultraviolet) II-VI semiconductors have been frus¬ 
trated by the resistance of these materials to doping, espe¬ 
cially p -type doping. There appear to be four main explana¬ 
tions that have been given for this problem: (i) 
Self-compensation: common dopants, such as column-I im¬ 
purities. are believed to simultaneously produce anion va¬ 
cancies when they occupy column-II sites, and the vacancies 
compensate the dopants', (ii) large acceptor binding ener¬ 
gies: because of the large effective masses (typically 
m*=:1.35m 0 for CdS) and small dielectric constants 
(«•=8 9), theacceptor binding energies, E B = 13.6eV ( m V 
myr) are often 60-200 meV vs 10-60 meV for me more 
common III-V and group-IV semiconductor materials, and 
hence the acceptors are less easily thermally ionized 1 (lii) 
low incorporation probabilities: for reasons that are not 
presently understood, p-type dopants may not incorporate 
efficiently—recent experiments’ suggest that this incorpora¬ 
tion can be dramatically increased by photoassisted doping; 
and (iv) deep-level formation: impurities, even the dopants 
themselves in some cases, form deep hole traps and impurity 
energy levels in the gap that capture any free holes. 

In this paper we focus on the issue of deep-le\el forma¬ 
tion and prescribe a method for overcoming the effects of 
deep hole traps that are moderately close to the \ alence-band 
maximum. 

Theories of column-V impurities o.. cupy ing column-VI 
sites in II-VI semiconductors indicated that, for the wurtzite 
crystal structure, these expected shallow dopants often pro¬ 
duce deep traps instead/ but in the zinc-blende structure 
they produce shallow acceptors. The observation of a nitro¬ 
gen level =•„ 100 meV above the valence-band maximum of 
ZnSe lent support to the theory/' Hence small changes in the 
local environment of a substitutional impurity are perhaps 
sufficient to change the character of a potential p dopem 
from a shallow acceptor which provides hole carriers and 
enhancesp-tvpe conductivity to a deep impurity which traps 
holes and tends to make the material semi-insulating rather 
than p type. This sensitivity of impurity character to envi- 
lonment suggests that .• range of perunbetions of the hast 
semiconductor may convert :• deep hole trap into a p-type 
dopant. In particular, this paper discusses the possibility 
that impurities th./. might otherw ise rnoduce d*cp hole traps 


<0.25 eV above the valence-band maximum of their host 
semiconductor might be converted into p-type dopants by 
subjecting the host semiconductor to a strain obtained by 
incorporating the host into a lattice-mismatched superlat¬ 
tice. For example, the CdTe/ZnTe superlattice has a lattice 
mismatch of 6.39c (Refs. 6 and 7) and the strain in the 
superlattice can cause deep hole traps in the unstrained 
smaller-gap material, CdTe, to become shallow acceptors in 
the superlattice. 

In this regard we note that acceptor levels ir CdTe have 
been reported at 58, 59, and 60 incY ab vc the valence-band 
maximum for Li, Na, and P, as well as u 147 and 108 meV 
for Cu and Ag." We believe that the Li Na, and P levels are 
genuine substitutional shallow acceptor levels, because their 
energies are almost equal, the small differences being attrib¬ 
uted to central-cell corrections. We identify the Cu and Ag 
levels as deep levels (with qualitatively different wave func¬ 
tions from shallow’ levels'*) that lie relatively close to the 
valence band and act as hole traps. Becuii'. the strength of 
the ordinary central-cell potentials foi : electrons of Cu and 
Ag are intermediate between those of Li. nd Na on the one 
hand and P on the other, 10 we believe that the Cu and Ag 
energies are not shallow effective-mass theory energies. 
Therefore, a goal of the present theory. as applied to CdTe, is 
to predict the layer thicknesses of CdTe/ ZnTe superlattices 
in which the Li. Na, and P level:, remain shallow (in a CdTe 
layer) but Cu and Ag become shallow acceptors rather than 
deep traps. We shall see that this should occur, due to inter¬ 
nal strain, in small-period A’ CJIv X superlattices for 
A'cjt,/.V z , lTt < 1 in the case of (001 ] superlatvices. 

II. QUALITATIVE PHYSICS 

The application of hydrostatic pressure to a semicon¬ 
ductor shifts the band edges with respect to nearby deep 
levels." Likewise a umaxml stress splits the valence-band 
edge and shifts the conduction-band edge, relative to the 
energies of deep levels." Furthermore, deep levels in super- 
lattices. crudely speaking, have almost the same absolute 
energies as in the bulk—but the band edtes of the superlat¬ 
tice are significantly perturbed from ttic bull, value. lulh 
Thus, m a crude approximation, we may regard the dee,) 
energy ie\s!s associated with impurities as almost constant 
in energy, while hydrostatic pressuie. uniaxial stress, or 
quantum confinement m a supedaiiict cause the semicon- 
duckc’s band edgo to move consid' iabi;. This viewpoint is 
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illustrated in Fig. 1, where we show the fundamental band 
edges of CdTe with a deep trap level, and illustrate how the 
band edges move when perturbed (assuming the absolute 
deep-level energy does not change). An important point is 
that when the valence-band maximum moves up enough in 
energy to cover the deep trap level, the impurity changes 
from a hole trap to a shallow acceptor, because the hole is 
autoioni’ed, and bubbles up to the valence-band maximum 
where it is trapped by the long-ranged Coulomb potential of 
the impurity. (See Fig. 1.) Thus by “covering up" the deep 
trap levels in the gap with the valence band, it is possible to 
convert the traps into shallow acceptors and achieve p -type 
doping. This “covering up” is termed a deep-to-shallow 
transition. 

Hydrostatic pressure causes the valence-band maximum 
to move up slightly in energy while the conduction-band 
minimum moves up even more. 11 The motion of the valence- 
band maximum relative to the deep level is typically of mag¬ 
nitude si meV/kbar," and so hydrostatic pressure!can 
only “cover up" deep levels >0.1 eV above the valence-band 
maximum, even if the pressures p are very large (almost 
impractical)) 1 large):p> 100 kbar. 

Uniaxial stress can be more effective in inducing a deep- 
to-shailow transition that converts a deep trap to a shallow 
acceptor, but externally applied uniaxial stresses much 
greater than 10 kbar ordinarily can fracture a semiconduc¬ 
tor. Under uniaxial stress, even a 10-kbar stress can covei up 
levels within =;0.14 eV of the valence-band maximum. 

Internal strains in a lattice-mismatched superlattice 
such as CdTe/ZnTe cun move the valence-band edge tenths 
of an eV, We shall show that small-period superlattices can 
be j,rown which have such large internal strains that deep 
trap levels within about 0.25 eV of the valence-band maxi¬ 
mum can be covered up, making them shallow acceptors. 
This should be :;n important mechanism for producing p- 
type doping, because in CdTe there are many deep hole traps 
with energies around 0.1 -0.2 eV above the valence-band 
maximum, including traps associated with Cu and Ag. s 

For (001J superlattices, every internal stress a can be 
represented as a combination of hydrostatic and uniaxial 
stresses: 


^hvdro "f* ®yy ^z: ^ 

(1) 

(7 uni = a :: — o KX . 

(2) 


In a typical 1 X 1 CdTe/ZnTe supci lattice the CdTe internal 
strain corresponds to hydrostatic pressures of ~ — 10.7 
k - ' :r and a uniaxial stress of =: 16.0 kbar. Hence the heteroe¬ 
pitaxy of the superlattice allows one to reach local pressures 
and stresses (without damaging the semiconductor) that 



FiG, 1. Schen. .lie energy-bend siructure (energy in ■ " v.c w,ivi vector) of 
CdTe, illustrating the qualitative changes in the v,i!viice-band-lcvc! struc¬ 
ture with respect to the deep-level energy, (al The hulk seniicoiiiiuch” vnh 
a deep level within 0 2 cV of the vaience-band ed.. The T- and I*„ n.utds 
were/>-ltke bands that spin due to the large spin-orhn interaction in Cd Tc 
(b) The application of 5P kbai hydrostatic pressure decreases the energy 
between the impurity level and the valence band slightly, (c) 10 kbar of 
uniaxial stress splits the 1 „ bands and can "cover up” the deep hole trap and 
make it an acceptor (d 1 A 2/. 4 superlative is even better than large unia.v- 
iai stress in that the deep level is better covered oy the internal strain-in¬ 
duced band splitting. 


would be unattainable when applied globally to bulk semi¬ 
conductors. These enormous strains can move the valence- 
band maximum up in energy by ~0.25 eV, covering up any 
deep traps near the valence-band maximum of unstrained 
CdTe. 

To simplify the discussion, we shall make the assump¬ 
tion that ;ne relevant deep levels have absolute energies that 
are unchanged by interna! strains. With this approximation, 
we need only predict the shift and splitting of the valence- 
band maximum caused by strum, and determine if deep hole 
traps 0.1—0.2 eV above the vaience-band maximum of un¬ 
strained CdTe will be covered up by the strain-induced shift 
of the valence-ban J maximum. 

i|[_ FOR.V.AL'orn 

In zinc-blende semiconductors the top o: the valence 
band is threefold degenerate and p like in u nonrelativistic 
band theory. Inclusion of the spin-orb:; interaction splits 
this degeneracy into a T h doubly degenerate J = 3/2 va¬ 
lence-band maximum and a nondegenerate J = 1/2 T ? band 
below it. Strain further splits the bands, leading to a Hamil¬ 
tonian matrix in the \J,Mj > pseudo-angular momentum 
basis for the vaLnce-band maxima at k = 0. 


15/2, 3/2 > 
-SE„ - (8E s )/2 

0 

0 


13/2, 1/2 > 

0 

- SE„ ~ (SE s /2) 
(1 s^SEs 


11 / 2 , 1/2 > 

-° \ 
(1/v 2)5£ 4 . j. 

- \,-SE„ J 
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(7) 


Here we hav- used the notation of Ref. 17: A 0 is the spin- 
orbit interaction parameter, 8E„ and 8E H - are the energy 
shifts of the relevant bands induced by the isotropic strain or 
dilation: 

A = (u xx + u yy + u..)/ 3, (4) 

ami SE s and <5£ s . are the shifts due to the anisotropic part of 
the strain, and the zero of energy is the unstrained valence- 
br id maximum. Because the energy shifts (with respect to a 
nearby deep level) induced by the isotropic parts of the 
strain" are aoout an order of magnitude smaller than the 
anisotropic-strain shifts, the upward valence-band shift in¬ 
duced by internal strain is very nearly 

A£ vb ~ — SE s /2, (5) 

and is due to the anisotropic strain. 

IV. [001] SUPERLATTICES 

For 1 001 ] superlattices, the valence-band shift is related 
to the strain tensor components u„ — u xx by 

A£ vb a - SE s /2 = ( b { + 2*,)(«„ - u xx ), (6) 

where 6, and are deformation potential constants. 1 ’ Since 
we have been unable ro find tabulated values of 6, and b : for 
CdTe, we estimate (J, + 2 b>) = — 1.76 eV, a value typical 
of semiconductors (for example, in GaAs the measured val¬ 
ues range from - 1.66 to — 2.0 eV, in Ge a typical value :s 
— 2 1 eV). The strains u ;t and u „ in CdTe can be related to 
the buik lattice constants a CdTe and a ZnTe u.id to the layer 
thicknesses of the superlattice: .V CdTc and .V 2nTe , as dis¬ 
cussed in the Appendix. Figure 2 shows the theoretical pre¬ 
dictions. 

V. [Ill] SUPERLATTICES 

In [111] superlattices, the valence-band shift is most 
easily related to the shear e in a CdTe layer: 



FIG 2 Energy shill ineV vs .V tjT ,/.V /lllc , the ratioofCdTe (o ZnTe 
layer thickness:-; D.-'ormaiion po'entul theory predicts that decreasing 
the layer ihiekness .atio .\ COU' ^/nlc for CdTe/ZnTe superlattices in¬ 
creases strain, therecy shitting me valence-band masimum up relative to 
the deep level by up toO 25 eV for [0011 superlal.iv.es topen squaresr This 
enect is relatively >veah in (111) superlattices voile 1 circles) 


€=:i 

and is 

A£, b ~ - 8E S / 2 = - (d x + 2d z )e/2. (8) 

(See the Appendix.) Taking the deformation potential con¬ 
stant for CdTe :o be (r/, — 2d,) =: - 4.59 eV, the value for 
GaAs, 17 we find the results of Fig. 2. 

VI. SUMMARY 

Clearly internal strains can raise the valence ’'and edge 
ofCdTe (andothc; II-VI semiconductors) a few tenths of an 
eV when the semiconductor is sandwiched in a sti amed-lay- 
er superlattice or hetcrostructure. This should he enough to 
cover up the deep levels at energies =:0.1—0.2 eV above the 
unstrained valence-band naximum and convert these deep 
hole traps to p-x ype shallow dopants. (Of course, the precise 
extent of this effect should be evaluated by computing the 
deep trap levels in a strained-layer superlattice, IJ ' lh rail, r 
than assuming that the deep levels are completely unaltered 
by the vrain. as we have here.) 

By sandwiching a II-VI semiconductor between materi¬ 
als which have a different lattice constant, as in a stramed- 
layer superlattice, it will be possible to move die semicon¬ 
ductor’s valence-band maximum up in energy, so that v!eep 
hole traps lying within 0.1-0.2 eV of the unstrained valence- 
band edge will be autoionized and will become snallov ac¬ 
ceptors, doping the II-VI semiconductor p type. We be! eve 
that this mechanism of conditioning II-V1 ,>emicond.u tors 
for y? type String is most likely to be successful in common- 
anion heterostructures and superlattices, such as CdS. 7.iS. 
CdSe/ZnSe, or CdTe/ZnTe. The reason for choosing com¬ 
mon-anion heterostructures is to minimize the absolute val¬ 
ue of the valence-band offset. IftneCdT: valence-band m. x- 
imum lies above the ZnTe valence band, then quantum 
confinement w’iil tend t > drive the valence-band maximum 
down in energy (and inhibit covering of ihedeep levels); but 
if the CdTe valence-band maximum lies below the ZnTe 
maximum, holes will tend to be swept out of the CdTe layer. 
We hope that experimenters w ill attempt to grow such struc¬ 
tures, and determine if they are indeed more easily doped p 
type, as we predict. 
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APPENDIX 

The relevant parts of the strain teioor u for evaluating 
A£,„ can be calculated using continuum elasticity theory. u 

For a [001 ] superlattice, the relevant strain tensor ele¬ 
ments are u xx and u.. [see Eq (6)]. The boundaty condi- 
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tions are that the in-p!ane!., *tice constants a : of the adjacent 
layers match one another: 

= fl |1ZnTc> 

and are related to the bulk lattice constant through the strain 
tensor u xx -. 

fl |!CdTc = a CdTc ( 1 + W «.CdTc )■ 

The constraints are 
u — u 

u .w u yyy 

u xy = u yt = u„ = 0, 
and 

a CdTe ( 1 + U xx:CdTe ) = a ZnTc ( 1 + U x.r.ZnTe ) ■ 

We assume that the layer thicknesses are sufficiently small 
that we may take the strain tensors u CdTe and u ZnTe to be 
constants. The total elastic energy of the superla'tice is 

W = A'CdTe ^ CdTc + ^ZnTc ^ZnTc > y 

where 

^CdTe = ( l/2)C|j.c,|Te (" W I.».CdTe + w k-;CdTc ) 

+ C i:.ldTc ( W Jta:CdTc U xx-Cd l> 

+ ~ u xx ,CdTe W ;r:CdTc ) 

is the increase of elastic energy in a CdTe layer (with a simi- 
lat expression for ZnTe layer). The elastic constants c,„c l2l 
and c 44 have been tabulated 1 for both CdTe and ZnTe. The 
solutions for and u, K in a CdTe layer are obtained by 
minimizing the superlattice's total energy for fixed A r CdXe 
and A ZnTc : 

U nCdT< ~A’( fl CdTc — <J 2 „t ( .)/A 

and 

W .-.-.CdTe = — - C i:.CdTc W vv.CdTc/ C ll CdTc 

where we have 

At = A 7 CdX , (2c llCdXc + 2c i:cjXc 

~ ^ C i: CdTc / C 11.CdTe )/ a CdTc ’ 

D t: = A ZnXc (2C|| ZnTc -f -C ,’ZnTc 

~ 4 C I:,Z»Tc/ C II ZnTc )/ a Z»lc> 

and 

D — — (o Zn 2 x .D .| -» OcdTcA*i;). 

For [111] superlattices, the relevant strain is the anisotropic 
shear strain e. [Sec F.q. (S) ]. The boundary conditions are 
that the in-plane lattice constants match one another: 

0 C,0 ~ U ZnTc • 

wr re we have 

a , Cd'c = fl C<lIc ( 1 + A tdXl — fedic )• 

with a similar expi-ssion for ZnTe. The cornu-amts are 

A = !/„ =* 

€ = M„ = u x ~ t; x . 

and 


fl CdTc ( 1 + A C dTc ~ f CdTc ) ~ fl Z..Tc ( 1 + ^ZnTc — f ZnTc )■ 

The increase in elastic energy of the superlattice is 
H' = A' CdXc H'cdTc + A'z.n e W'znTc• 
where in each CdTe layer we have 

^CdTc = (3/2)(C|, CdTc + 2C| 2 CdXc )Ac dXt 

+ 6 c 44 CdTc ^CdTc . 

By minimizing the total elastic energy of the superlattice for 
fixed A' CdX< . and N ZnTc , we find 

f CdTc = — D\2 (rt C dTc — °ZnTc)/A 

where 

D u — 12A' CdXe c 44 . CdXc /fl CdTc , 

Z),, = 12 A ZnXe c 44 Zll 1 v /<z z , lTc , 

2 ^:i — ( c n.cdTc *r 2 c , 2 CdXt + 4 c J4 CdTc )fl CdXc / 

(^II.CdTc T 2 C|j CdXc ), 

£*22 = — (^II.ZnTc + 2 C| 2 , ZnXc + 4 C 44 ,Z»I<! ) fl ZnTc/ 

( C ii.zn.c + 2 C| 2Z „ Xc ), 

and 

D = D n D 22 -D r D 2i . 
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An explanation is proposed for the fnct that ZnTe is unique among the 1I-VI compound semicon¬ 
ductors in that it can be doped p type rather easily: a /j-like deep-level resonance lies within the 
valence band of ZnTe and emerges into the fundamental band gap with increasing Se content x in 
ZnTe,_ J Se i random alloys. This level generates free holes when it lies below the Fermi energy in 
the valence band, making its parent defect a shallow acceptor. When the level moves into the gap, 
the impurity becomes a deep hole trap. The native and foreign antisite defects Zn Tt and Lit, art 
suggested as possible parent defects of the relevant deep level; they are predicted to be shallow re- 
ceptors in ZnTe, while the corresponding defects are deep traps in other 1I-VI compound semicon¬ 
ductors. Tests of this proposal are suggested and the substitutional s - and p-bonded deep levels of 
ZnSe and ZnTe are predicted, extending the theory of Hjalr.iarson et al. [Piiys. Rev. Lett. 44, 810 
(1980)). The possibility of doping ZnSe p type with (antisite) Be is also proposed and discussed. 


I. INTRODUCTION 

Most wide-band-gap II-VI compound semiconductors 
can be easily doped n type, but resist p-type doping. The 
most notable exception is ZnTe which is easily doped p 
type, but not n type. The different and singular doping 
behavior of ZnTe is not presently understood. 

The purpose of l.iis paper is to offer an explanation of 
this difference in terms of a defect that undergoes a 
shallow-deep transition as a function of alloy composition 
x in ZnTe,_ x Se x , so that it is an acceptor in ZnTe but a 
hole trap in ZnSe. Wc present calculations that suggest 
that such a transition cccurs for the native and foreign 
antisite defects Zn T{ and Li T? in ZnTe. And we suggest 
specific tests of the explanation, which lias a firm, but ad¬ 
mittedly not ••nshakable, theoretical fou. dation. Indeed, 
the reader should accept this work t>-r its intended pur¬ 
pose: to sketch a simple mooel w\ . - can be tested ex¬ 
perimentally and which appears to ofier an explanation of 
the ,o-type doping proclivity of ZnTe in terms of the natu¬ 
ral occurrence of certain defects. The theoretical tools 
are presently not available to predict with 100% 
confidence if these defects form in sufficient concentra¬ 
tion with precisely the electronic structures we find. Nev¬ 
ertheless, the picture we propose is simple enough to lend 
itself readily to experimental tests, while presenting an at¬ 
tractive alternative explanation of the doping properties 
of ZnTe to mechanisms which rely on seif-compensation 


or the relative solubilities of impurities in different hosts. 

We propose that p-type conductivity is most easily 
achieved in ZnTe of the II-VI semiconductors because 
defects that producep-iike deep traps !,ing slightly above 
the valence-band maximum in most II-VI semiconduc¬ 
tors instead have these levels lying below the band edge 
in ZnTe. Each such level for a neutral defect is naturally 
occupied by both electrons and !. ;les when ii lies within 
the fundamental band gap. and so can trap holes. When 
the level descends below the val;nce-band maximum, its 
holes are autoionized and become carriers at room tem¬ 
perature. (At zero temperature they are trapped in shal¬ 
low acceptor levels.) Hence the . ’"sets generate holes in 
ZnTe, but trap them in other semiconductor. More 
specifically, our proposal is that the native antk.-te defect 
Zn on a Te site, Zn Te (and even the antisite dopant Li Tc ) 
is a shallow acceptor in ZnTe and dopes the material p 
type, compensating any /i-tvpe : mpurities that might oth¬ 
erwise ihemselves compensate acceptors: In other II-VI 
semiconductors, neither the cation-on-ar.ion-siie defect 
nor antisite Li >idds a shallow acceptor, but mstead pro¬ 
duces a deeg * . r level in the fundamental band gap. The 
antisite defects Zn S; (and Li Jc ) neitnor dope the material p 
type nor produce thermally imizab.’e holes; instead they 
tiap carriers, holes in particular. 

We arrived at the conclusion that the defect responsi¬ 
ble for the resistance of most II-VI semiconductors to p- 
type doping might be the cation-on-anson-site defect after 
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having examined predictions for deep levels of all the s- 
and p-bonded substitutional impurities in all of the major 
1I-VI semiconductors. During this examination we asked 
the questions (i) “Can impurities explain the different 
doping proclivities of ZnTe and the other II-VI semicon¬ 
ductors" and (ii) "Does any impurity that is likely to 
occur in significant concentrations have a deep-level 
structure that is different ir. ZnTe from in the other II-VI 
semiconductors?” 

The classical mechanism that has been proposed to ex¬ 
plain the resistance of II-VI semiconductors to p-type 
doping is self-compensation: The introduction of an ac¬ 
ceptor such as Li or Na onto a cation site is thought to 
simultaneously produce an anion vacancy which is a dou¬ 
ble donor and compensates the acceptor, leaving the ma¬ 
terial semi-insulating or doping the material retype rather 
than p type. 1-6 If the self-compensation mechanism is 
indeed operative in most II-VI semiconductors and can¬ 
not be blocked for at least some p-type dopants, then II- 
VI semiconductors are unlikely to become important 
electronic materials, regardless of t^e purity of the ma¬ 
terials. The self-compensation is thought to be an intrin¬ 
sic property of the doping, regardless of the quality of the 
undoped semiconductor: p-type doping produces com¬ 
pensating anion vacancies. Therefore, the fact that ZnTe 
is naturally p type is an important clue to understanding 
and overcoming seif-compensation lif it occurs)—and 
perhaps the key to developing electronic-grade II-VI 
semiconductors. 

The explanation often given for the singular behavior 
of ZnTe is that its band gap is smaller than that of other 
II-VI semiconductors, 1-3 and so the energy generated by 
the self-compensation, which is approximately the energy 
of the gap, is too small to produce a vacancy in ZnTe, but 
is adequate for vacancy formation in other II-VI semi¬ 
conductors. At first, this argument appears attractive, 
because it correlates with the fact that self-compensation 
is most commonly found in large-band-gap sem'*onduc- 
tors. Upon closer examination, however, the argument is 
difficult to reconcile with the fact that the band gaps of 
ZnS? and ZnTe are not very different or with the fact 
that stoichiometric CdTe, which has a significant!) small¬ 
er band gap than ZnTe, resists p-t;-pe doping (although 
less so than other II-VI compounds). Therefore we con¬ 
clude that an alternative explanation of the singular p- 
type character of ZnTe is needed. 

Self-compensation by vacancies is not universally ac¬ 
cepted as the mechanism by which II-VI semiconductors 
resist p-type doping. Some other explanations point io 
the different solubilities of impurities on differer' sites 
and interstitial self-compensation: F*.r example, Na can 
occupy a cation site as an acceptor in ZnSe, but beco\ :S 
a donor at interstitial sues, 3 and so interstitial Na can 
compensate substitutional Na. Other mechanisms 
also been suggested to account for me resistance of JI-VI 
semiconductors t • p-type doping: The acceptor binding 
energies of some II-VI semiconductors can be rather 
large, >0.1 e\, making the acceptors difficult to ioniae 
thermally and frustrating p-t\pe conductivity. 5 The in¬ 
corporation of the standard p-type dopants into a II-VI 
host can be seveicly hmitea b\ the chemistrv of the host. 9 
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Unanticipated deep-level formation may occur, in the 
sense that impurities such as those from column V of the 
Periodic Table, when occupying a colum.'-Vl site, may 
produce deep levels in the fundamental band gap of some 
wurtcite-structure II-VI compound semiconductors rath¬ 
er than the expected shallow acceptors. 10 Indeed, it is 
corceivable that the II-VI semiconductor doping prob¬ 
lem is a consequence of rather complicated defect and 
impurity dynamics. Currently there are many efforts in 
progress to overcome the p-doping problem by improving 
the quality of II-VI materials, for example, by employing 
molecular-beam epitaxial techniques of crystal growth; 
these efforts implicitly assume that impurities and de¬ 
fects, not self-compensation, cause the p-type doping 
problem. 11-|J 

Clearly there are a variety of detailed mechanisms for 
explaining the resistance of most wide-band-gap II-VI 
semiconductors to the p-type doping. However, a satis¬ 
factory explanation of why ZnTe is almost singularly 
compatible with p-type doping is lacking—and could 
provide a vital clue for doping the other II-VI semicon¬ 
ductors p-type. 

The purpose of this paper is to offer a simple but gen¬ 
eral explanation of the ZnTe doping sint ularity. This ex¬ 
planation does not depend on any detailed model of 
dopant compensation or theory of the resistance of II-VI 
semiconductors to p-type doping. It merely asserts (on 
the basis of a theory of deep levels) that ZnTe is unique in 
having a native antisite defect, Zn Te , that is a strong p- 
type dopant, capable of generating holes and compensat¬ 
ing donors of any origin. ZnTe is also unique in that its 
antisite dopant Li Tt is also a shallow acceptor, not a deep 
trap. The electronic structures of these antisite defects 
provide a simple, general, and experimentally ver.fiabie 
explanation of why ZnTe is easily doped p type, and al¬ 
low us to avoid the more difficult issue of specifying the 
detailed mechanisms by which most II-VI semiconduc¬ 
tors occur n type. Hence, instead cf asking "Why are 
ZnSe and most other II-VI semiconductors n type" we 
address the question “what unique feature of ZnSe and 
ZnTe causes them to change their doping proclivities 
from n type for ZnSe to p type for ZnTe"? W c propose 
that the relevant fei.ture is the shallow acceptor character 
of the Zn Tf antisite defect. 

At first glance, most of the mechanisms that might 
frustrate p-type doping appear to be smooth functions of 
the chemical compositions of the II-VI semiconductors, 
and ss it is difficult to understand why ZnTe can be 
doped p type and most other II-VI semiconductors can- 
no 1 . One might still expect that ZnTe,. A Sc ( tRef. 15) or 
(ZnTeli-^fCdSel^ alloys (Ref. 16) would smoothly 
change from p-type to semi-in'ulating to .i-type conduc- 
ti\i:\ as x increases. However the concept of abrupt 
deep-shallow transitions * J of impurit\ character as a 
function of host ch< mica! composition raises the possibil¬ 
ity that a defect intimate's insohed in obstruciinc the p- 
type doping in most II-VI semiconductors mtglr base 
quite a different character in ZnTe. We predict the: the 
nati\e antisite defect Zn r . should be a shallow acceptor 
in ZnTe, but th-t us analog Z r . should be a deep trap in 
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ZnSe. At the extreme, even Li (a common dopant) has an 
antisite defect with the same character, changing from 
shallow in ZnTe to deep in ZnSe. The deep-shallow tran¬ 
sition of the antisite defects' characters occur abruptly as 
functions of alloy composition jc, and can naturally ex¬ 
plain why ZnTe is p type while other II-VI semiconduc¬ 
tors are not. 


II. MODEL 

Our model uses the well-established theory of deep lev¬ 
els, IS-|0 ' :4 '" !5 which has successfully explained a broad 
range of data, inch ding the physics of the N trap in 
GaASj-jP* (which produces an energetically “shallow” 
level within <0.1 eV of the conduction-band edge in 
GaP, a deep trap more than 0.1 eV below the edge for 
x=0.5, and a resonance in the conduction band of 
GaAs;, 17,19,18 rapid III-V-compound laser degracJation, 26 
bulk and surface core excitons 27-31 in Si and 1I1-V com¬ 
pound semiconductors, intrinsic surface states, 32,33 
Schottky-barrier heights, 25-38 and the deep-shallow be¬ 
havior of defects such as the DX center in Al^Ga^As 
semiconductors 39 and GaAs / Al Jt Ga 1 _ I As superlat¬ 
tices. 20-23,40 

In this model, deep energy levels are obtained by solv¬ 
ing the secular equation 

det(t-(£-tf 0 ) -l r]=0 , 


where H 0 is the host Hamiitonian operator, V is the de¬ 
fect potential operator, and the level's energy E is as¬ 
sumed to have an intinitesimal positive imaginary pan. 
Hjalmarson et ai . 19 have presented predictions of A , 
deep levels based on this theory. In a Lowdin basis 41 of 
sp‘s’ orbitals centered at each site 42 the defect potential 
is diagonal ana related to atomic energies. 19 The host 
Hamiltonian is treated in an empirical tight-binding mod¬ 
el, the parameters of which have been fit to observed 
band gaps in several semiconductors and follow chemical 
trends from one semiconductor to another. 42 Charge- 
transfer effects, such as those treated by Jansen and San- 
key, 7 are not included explicitly in this model. Neverthe¬ 
less the model produced excellent agreement with mea¬ 
sured surface states of ZnSe and ZnTe, 33 and so is expect¬ 
ed to describe well any localized perturbation associated 
with a defect. Details of the mode! have been pub¬ 
lished. 24,25 "' 2 We consider only substitutional defects be¬ 
cause common interstitials such as Li and Zn are normal¬ 
ly donors 7 and because most interstitials are notoriously 
sensitive to charge transfer and the local environ¬ 
ment, ,,4j- ' 5 a property that we regard as unlikely to be 
associated with the nearly universal doping properties of 
II-VI semiconductors—although we recommend the 
work of Chadi and Chang 49 for a somewhat different 
viewpoint. 


HI. RESULTS 

As a test of the model's ability to describe defects in 
II-\ I semiconductors, we first consider Li doping of 
zinc-blende-structure ZnSe ar.d find I. __ n to be a shallow 
acceptor, in agreement \\:-tt. the data. 47 Furtr-m tiore, ex¬ 


periments 47 reveal a deep acceptor related to Li 0.2 to 0.3 
eV above the valence-band maximum. Since interstitial 
Li is a donor/ this acceptor can likely be associated with 
the theoretically predicted 0.4 eV antisite Li Se deep level, 
and indicates that the theory lies only slightly above the 
data in energy. 48,49 Thus the Li doping data for ZnSe are 
well described by the present theoiy, lending support to 
the other theoretical predictions. 

Since the spirit of the present work is to understand 
global chemical trends, we limit our discussion to a 
mean-field one-electron theory of neutral defects, and 
omit the Coulomb effects normally associated with small 
to moderate splittings of order 0.2 eV between different 
charge states of a defect. 7,4, - 35 This simplification makes 
all of the energy levels associated with different charge 
states of a defect degenerate and allows a simple discus¬ 
sion of global trends without concern for many-electron 
effects. Furthermore, the effects of these rather small 
effects can be included a posteriori with very little 
difficulty. 43-35 

Each of the s- and p-borded impurities has eight 
“deep" spin orbitals with energies near the fundamental 
band gap, two ,4, or 5-like and six T- or p-like spin- 
orbitals. Normally the energies of the 7\ spin orbitals lie 
above the Ax spin orbitals. In fact, spin-orbit splitting, 
which is included in the theory, causes the i\ levels to 
split slightly into p 3/: -lik“ F s levels and p 1/; -like f 7 lev¬ 
els. However, for simplicity we shall refer to both levels 
as T 2 in the text, while plotting the spin-orbit split levels 
in the figures. (In the T e - double-group notation, A , be¬ 
comes r 6 ). 

The predictions of the theory for substitutional s- and 
p-bonded defects in ZnSe and ZnTe are summarized in 
Figs. 1-4. These figures indicate the doping character of 
each element of the Periodic Table. 

A notable feature of the predictions is that the 7\ de¬ 
fect energy levels for Zn on either site in any host are vir¬ 
tually identical to those of the corresponding !.: defect 
because these atoms have essentially the same atomic or¬ 
bital energies. This means, in particular, that Zn S{ and 
Lij, have about the same energy levels and the same dop¬ 
ing character, except that Zn provides one more electron 
than Li. 

Ficures 1-4 should be examined as follows: In general 
the deep levels move up (down) us one moves to the left 
(right; across a row of the Periodic Tabie. The host atom 
has A [ and 7% levels occupied m the valence band and 
A | and 7% levels empty in the conduction band In the 
case of the Se-site Si in ZnSe, ali the defect's levels he 
above -he corresponding Se levels, but the difference be¬ 
tween Si and Se is not enough to cause an, of the occu¬ 
pied deep levels to move up into the band gap. As a re¬ 
sult, Si is a double acceptor (denoted 2.4) because it has 
two fewer electrons than Se, and itv.se missing-electrons 
or hc.'es "bubble up" from the a.ep S: levels in the 
valence band to the valence- v 'and edge, where they are 
trapped in shallow- acceptor levels by the Coulomb poten¬ 
tial of the ionized Si atom. Similar reasoning applied to 
the empty levs' indicates that Br on the Se sue of ZnSe is 
a single donor. Because 3r is more electronegative than 
Se, its energy levels he lower than those Oi Se, b it the 




:C | FIG. 1. Predicted doping character of Zn-site substitutional 
! J- and p-bonded atoms in ZnSe. The character is denoted D for 
:t • donor, A for acceptor, and 1 for isoclectronic defect (with no 

tl J deep level in the gap). If the impurity produces one or more 

deep trap levels in the gap, this is indicated for each atom by the 
e j number of holes and electrons trapped in those levels for a sin- 
I gle neutral defect, e.g., 5 h le denotes 5 holes and 1 -lectron—in 
. j a p-like deep level. See the text for further explanation. 

i 

s i 

* Br-Se difference is not enough to pull one of the empty Se 
i deep levels in the conduction band down into the gap. As 
a result, the extra electron of the neutral Br de f ect (reia* 
i live to the Se atom the Br replaced) falls out of the deep 
: level in the conduction band, the Br is autoionized, and 
the extra Br electron falls to the conduction-band edge, 
j where it becomes a shallow donor electron orbiting the 

j ionized Br impurity (denot 1Z?). As one moves to the 

' left in the Periodic Table, ti.* eep levels that were within 

j the valence band for the host atom move up, sometimes 

into the band gap, becoming deep traps—as for Cs St , 
which (when neutral) has a p-Iike 7", level in the gap oc- 


FIG. 3. Predicted doping character for Zn-site substitutional 
atoms in ZnTe, as in Fig. 1. 

cupied by five holes and one electron, and an A | state 
below the valence-band maximum filled by two electrons, 
and therefore is denoted 5 h le. In some cases the defect is 
so electropositive that the relevant occupied deep levels 
pass through the gap into the conduction band, as for the 
anion vacancy (which is infinitely electropositive 50 and is 
denoted as the element “Va” in the figjres). The A , and 
T 2 levels of the vacancy lie in the conduction band, with 
the six electrons of the 7\ level removed along with the 
Se atom during vacancy creation. Thus the Se vacancy is 
a double donor (2£>) and has a false valence (F) with 
respect to Se, allowing it to donate -r2 electrons rather 
than —6, because eight spin orbitals (2.4|-r67\) have 
crossed the gap into the conduction band as the Se host 
atom has been "transmuted” into a vacancy. Similarly a 
Zn-site Cl atom has deep levels derived from the empty 
conduction-band levels of Zr., the A ! level is pulled down 



FIG. 4. Predicted doping character for Te-sit. subs::;utiona! 
FIG. 2. Predicted doping character for Se-site substitutional atoms in ZnTe, as in Fig. 1. Note ;nat the Zn anusiie cefeci 
atoms m Zr.Se, as m Fig 1 produces a shallow [quadruple (Ref 5i'jaecep..-r. 











^t§ i {$^^^^«ru|^U , usfiQfecet^trdiiegaii^4iian3^> 
whiJeVth^iT'i^evels remain iin*the.cpnductj6n ; 'bandi The- 
; five : ^extfja electrons of: neutral G1 distribute themselves 
with two in the A | deep level and three in the conduction 
band; hence C! produces a deep doubly occupied A , level 
(2 e) and a triple donor (3 D). Seme defects, such as oxy¬ 
gen on a Se-site in ZnSe neither chance the number of 
electrons nor introduce new deep levels into the gap, and 
so are termed isoelectronic (7). 

By generating Periodic Tabies such as Figs. 1-4 for a 
wide range of Il-VI semiconductors, we have been able to 
determine how the predicted characters of defects are 
different in various semiconductors. Here we discuss 
only ZnSe, which has similar defect deep-level behavior 
to other II-VI semiconductors, and ZnTe, which exhibits 
unusual p-type doping behavior. 

The theory predicts that neutral Zn Te in ZnTe is a qua¬ 
druple 51 acceptor (4 A ), whereas native cation-On-anion- 
site defects in other II-VI semiconductors produce r 2 - 
symmetric deep traps in the band gap: e.g., (4h2e) for 
Zn Se in ZnSe. (See Figs. 1 and 3). Charge-transfer and 
Coulomb splitting effects omitted from the model may ac¬ 
tually prevent the formation of the quadrupole acceptor 
state, but some level of acceptor character is nevertheless 
to be expected. (Sec. IV treats this issue in more detail.) 
This native antisite defect yields four holes to the valence 
band and is a powerful p dopant in ZnTe only. More¬ 
over, as a function of alloy composition x in ZnTe^Se, 
or (ZnTe),_ x (CdSe) x , the relevant deep level should 
move from below the valence-band maximum into the 
gap—-and the character of the Zn-cn-«nion-site defect 
should change rather abruptly from a p-type acceptor to a 
deep trap which no longer dopes the material p-type. 
(See Figs. 5 and O'. Hence the material should chance, 
rather abruptly, from being p type to n type. The abrupt 
character of this transition should be an experimental sig- 

Zn and Be Antisite-defect Energy Levels 



Alley Composition x 

FIG. 5. Predicted dependence on alloy composition x of the 
energy levels (in eV) for the anion-site defects Zn 3 „ 10 „ (solid line), 
Lijnon (the same so!:J line), and Be,„ 10 „ (dashed) in ZnTe, Sc,. 
Tnepi/.-iike level derived from the F 2 deep level is labeled f T . 
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FIG. 6. Predicted dependence on alloy composition x of the 
energy levels (in eV) for the anion-site defects Zn, ni0 „ (solid line) 
and Be» m0P , (dashed) in (ZnTe),_ x (CJSe),. The />j /; -like (p w; - 
like) levels derived from the F : deep levels ar* labeled F, (T,). 
For x =0, and for a neutral Zn Tt defect, the P ; level is occupied 
by two electrons and the Ti level by four holes. 


nature of the antisite-defect doping mechanism, which 
perhaps can be detected by a sudden change of doping 
character with alloy composition x in ZnTe,_ x Se x or 
(ZnTe)|^ x (CdSe) x , by opticai spectroscopy (allowing for 
the fact that both the valence-band edge and the deep lev- 
ei have 7\ symmetry), or by pressure o; strain measure¬ 
ments which cause the deep level to move into or out of 
the fundamental band gap. 

Zn is not the only antisite defect that is predicted to 
produce a strong p dopant. Li Te (although unlikely to 
occur in large concentrations) is likewise a shallow accep¬ 
tor yielding nominally five holes' 1 to ;; • valence band. 
The energy of the foreign antisitc L: deep level is essen¬ 
tially the same as that of native antisite Zn—and so sub¬ 
stitutional antisite Li should also undergo a similar deep- 
shallow transition as a function of aiiov composition. 
(Note that this paper does not consider the questions of 
whether the Li would be mechanically stable on such a 
site or whether it would naturally occupy such a site with 
reasonable probabi^ty.) Thus, for example, if we assume 
an oversimplified situation for the Li dopin c of ZnTe in 
which there are no vacancies or other defects, and if we 
denote the concentrations of interstitial-, Zn-site, Te-site, 
and Se-site Li by [Li/], [Li Zr .J, [Li Te ], and [Li Sc ], then the 
conditions for p -type character in Zn T e and ZnSe are 

5[Li Te ]+[Li z J-[Li / ]>0. 


(Li Se ] -T-[Li z „} [Li/} > 0 . 

Ciea-ly the antisite Li could make a difference in the dop¬ 
ing character of t/.c host, ^.uuded it^ concentration is 
large enough. Now, in an equilibrium situation, the Li Tc 
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concentration is likely to be exponentially smaller than 
(Li 2ft ], and so Li by itself should not change the doping 
character of a II-VI semiconductor; but this example il¬ 
lustrates in a simple case how the concentrations of the 
different point defects determine the doping character. 

Another interesting prediction of the theory is that Be 
on an anion site is a (quadruple 91 ) acceptor in both ZnSe 
and ZnTe, while remaining isoelectronic when occupying 
a Zn site. (See Fig. 5). This means that heavy Be doping 
may also make ZnSe p type. 52 

On the anion site, only Zn, Mg, Cd, Li, and H and He 
are predicted to have different doping characters in ZnSe 
and ZnTe. On the cation site Ar, F, 0, Bi, Sb, Sn, Ge, Si, 
B, H and the vacancy have different doping characters. 
See Figs. 1-4. Predicted energy levels are given in Figs. 
7-22. (Impurities with no deep levels near the funda¬ 
mental band gap behave according to th^ conventional 
rules and are not displayed.) 

It is noteworthy that the anion vacancy is a double 
donor for both ZnSe and ZnTe—as anticipated by the 
extensive self-compensation literature. This is a case of 
false valence, ?} because the removal of a column-VI atom 
should add six holes to the valence band, not two elec¬ 
trons to the conduction band. The removal of, say, Te in 
ZnTe is achieved theoretically by driving its atomic ener¬ 
gies to infinity as well as adding six holes. In the case of 
ZnTe and other II-VI semiconductors, this causes an A , 
and a 7\ level to move from the valence band into the 
conduction band. 

Within the context of the conventional self¬ 
compensation picture, each acceptor in p-tvpe doped 
j ZnSe is compensated by a dc.ble-donor anion vacancy 
I generated as a result of acceptor doping. If the same en- 
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FIG. 7. Predicted deep energy levels in the gap (striped) of 
ZnSe due to j- and p-bontied substitutional impurities on the Zn 
site. The impurities are indicated on the abscissa. Their occu¬ 
pancies, when nec.-al, a:’ indicated b> open triangles for hoies 
and by closed circles for eiectrons 
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FIG. 8. Predicted deep energy levels in the jap of ZnSe due 
to S’ and p-bonded substitutional impurities on the Zn site. The 
impurities are indicated on the ao>cissa. 

ergy that produced an anion vacancy instead produced 
an anion-site antisite Zr., then in ZnSe every antisite de¬ 
fect would compensate roughly two acceptors (or one va¬ 
cancy), but in ZnTe this would no: happen. Moreover, in 
ZnTe roughly every two vacancies would be compensated 
by one ar.tisite defect, blocking the conventicnal self- 
compensation process. Antisite defects are common in a 
variety of semiconductors, as argued by Van Vechten and 
others. 5 * The formation energy should be less for the an- 
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FIG. 9 Predicted deep energy levels m the gap of ZnSe due 
to s- anc p-bonded substitution..) impurities on the site. Th. 
impu'ifies e indicated on the 30scissa. 
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Va In Sn Sb Tc I Xe 

FIG.-10, Predicted deep energy levels in the gap.of ZnSe diie 
to s - and p-bonded substitutional impurities on the Zn site. The 
impurities are indicated on the abscissa. 
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FIG. 12; Predicted deep energy levels in the gap of ZnSe due 
to S' and p-bonded substitutional impurities on the Se site. The 
impurities are indicated on the s. .-(Cissa,' 


tisite-defect than for the vacancy, and the number of an* 
tisite defects to be expected at equilibrium should exceed 
the nUmber,of vacancies. Stated more simply, it normally 
costs less energy to rearrange a bond than to break it. 
Hence in most crystal-growth processes, an adequate 
number of Zny, defects should be created, and the self¬ 
compensation would be expected to be impotent in ZnTe 
but not inZnSe. For example (Fig. 231, in ZnSe with one 
Na acceptor, one Se vacancy, and-one Zn Sc .antisite de¬ 
fect, the shallow Na acceptor level is filleu by one of the 
vacancy’s two electrons, with the other electron occupy. 

ZnSc Cation-site Impurity Levels 


ing the T, Zn deep level in the gap (leaving it with three 
electrons and three holes). There fe nop-type conductivi- 
ty. In contrast, the same situ; »ior. in ZnTe leaves the two 
electrons from the vacancy -veupying two of the five 
empty shallow orbitals of brth Na and Zn Tt , leaving 
three thermally ionizable holes and p-type conductivity. 
Therefore, we propose that p-type conductivity is rather 
easily achieved only in ZnTe of the common II-VI semi¬ 
conductors because only in ZnT>t is the amisite defect 
Zn Tt a shallow acceptor rather thaii a deep trap. 
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•FIG. 11. Predicted deep energy levels in the gap of ZnSc due 
to S' and p-doped substitutional impurities oh the Zn site. The 
impurities are indicated on the abscissa. 


FIG. 13. Predicted deep energy levels in the gap of ZnSe due 
to s- and p-oonded substitutional impurities on the Se site. The 
impurities are indicated or. .. : abscissa. Al (not shown) has a 
similar electronic structure to Ga. 
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FIG. 14. Predicted deep energy levels in the gap of ZnSe due 
to s- and p-bonded substitutional impurities on the Se site. The 
impurities are indicated on the abscissa. 
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FIG. 16. Predicted deep energy levels in the gap of ZnTe due 
to s- and p-bonded substitutional impurities oh the Zh site. The 
impurities are indicated on the abscissa. 


IV. POTENTIAL PROBLEMS WITH THE MODEL 

Two concerns that we have about the theory are <l) an 
explanation is required of why 11-VI semiconductors oth¬ 
er than ZuTe have an n-type-doning proclivity and <ii) the 
omission of Coulomb effects from the theory could cause 
our level predictions to be in error more than we current¬ 
ly believe. 

A. n-type doping 

If the antisite defects alone occur in the same concen¬ 
trations in ZnSe and ZnTe, then one must explain why 


.ZnSe apparently is more easily doped r type. In our 
model, the n-type dopanu. must first compensate all the 
■antisite defects, after which they produce donors—and 
the physics is the same for ZnSe and ZnTe. However, we 
suspect that there are fewer Zn* defects in ZnSe than 
comparable antisite defects in ZnTe, basically because Zn 
is more similar to Te than to Se, both in its atomic size 
and its electronic energy levels. Doping the semiconduc¬ 
tor n type with, say, Ga could exacerbate such 
differences. Therefore we believe that the n-type doping 
differences of ZnSe and ZnTe can be plausibly explained. 
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FIG. 15. Predicted deep energy levels in the gap of ZriTe due 
to, s'- arid p-bonded substitutional impurities on the Zr. site. The 
inv -rities are indicated on the abscissa. 


FIG. 17. Predicted deep energy levels in the gap of ZnTe due 
to s- and p-bonded substitutional impurities oh the Zn site. The 
impurities are indicated on the abscissa. 
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FIG. 18. Predicted deep energy levels in the gap of ZnTe due 
to s* and p-bonded substitutional impurities on the Zn site. The 
impurities are indicated on the abscissa. 

B. Coulomb effects 

It is very difficuit to precisely determine the Coulomb 
effects on deep levels in II-VI semiconductors. Therefore 
we have actually executed three rather different theoreti¬ 
cal calculations which generally agree that the position of 
the, Zn Tt deep level with respect to the ZriTe valence- 
band edge is,about 0.2-0.5 eV lower than the energy of 
the Zn* level with respect to the ZnSe band edge (in any 
charge state). These theories do not agree, however, on 
the precise location of the neutral Zn T « deep level, which 
the present theory places in the ZnTe valence band, while 
the, other two theories place the level near midgap (but 
with a theoretical uncertainty due to finite supercell size, 
of order 1 eV). 
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FIG. 19. Predicted deep energy levels in the gap of ZnTe due 
to j- and p ? bonded substitutional impurities on the Zn sue. The 
impurities are indicated on the abscissa. 
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FIG. 20. Predicted deep energy levels in the gap of ZnTe due 
to r- and p-bonded substitutional impurities on the Te site. The 
impurities are indicated on the abscissa. 

The first calculations, the ones we have described here, 
are based on. an empirical tight-binding, model of elec¬ 
tronic structure, and incorporate Coulomb effects only 
implicitly in the. parameters of the model. These calcula¬ 
tions are, strictly speaking* for neutral defects in the ZnSe 
or ZnTe host, and do not directly consider the negative 
charging of Zn Tt as the holes in the Zn deep level bubble 
up to the valence-band maximum. This cha-ging will- 
cause the deep level to move up in energy about 0.2-0.3 
eV for each additional electron trapped in the deep level 7 
(an effect omitted from the model)—hence the Zn Tt level 
may niove into the gap after the first or second electron is 
trapped on the Zn (i.e., after one or two holes “bubble 
up” to the valence-band maximum)—making Zn Tt a sin¬ 
gle or double acceptor rather than a full fourfold accep- 

ZnTe Anion-site Impurity Levels 
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FIG. 21. Predicted deep energy levels in the gap of ZnTe,4u? 
to j- and p-bonded substitutional impurities on the Te site. The 
impurities are indicated on tite rbscissa. Al (not shown) has a 
similar electronic structure to Ga. 
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FIG. 22. Predicted deep energy levels in the gap of ZnTe due 
to r- and p-bonded substitutional impurities on theTe site. The 
impurities are indicated.on the abscissa. 
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! FIG. 23. Illustrating (a) self-compensation in the presence of 
j a *Zns, defect in ZnSe and:(h>-"»» self-compensation" by Zn-r, 
in ZnTe; The self-compt,, ... -.chanism assumes that dop- 
ing with an acceptor such as Naj^, leads to production of a com- 
! pensating double-donor anion 1 vacancy. For simplicity we as- 

■ su.-ne that there are only three defects: Na Zn ,- the anion vacancy 

! and the Zn-antisites Zn* and Zn T{ . In both cases, an 

i electron (solid circle) from the anior. vacancy's shallow donor 

; level compen-ates (solid lines) the hole (open triangles) of the 

; Na Zl> defect's shallow acceptor level. The remaining vacancy 

| electromis trapped (dashed lines) (a) by the Zn^ deep level, in 

! ZnSe or (b) by the shaliow acceptor level in ZnTe, because the 

l holes of the Zn-j c deep T- level-have beobled up (wiggly lines) to 

j the shallow acceptor level. The remaining three holes in the 

Zn Te shallow level are thermally ionizable in ZnTe, render the 
self-compensation by the vacancy impotent, and dope the ma¬ 
terial p type, whereas the holes in the deep level of ZnSe are not 
thermally ionizable, so that the Zn^ level traps both electrons 
and holes, reducing conductivity. 


‘tor.,- ^usaheiqualitauve;pbysics>gbyerhing:dppmg;'fRr6,- 
-clivity. will^pe the same, although' .the. mujpbeir of'-free; 
•iho!es;perdefect'‘wiHihe;smaller,:sjo;lphgtas:the;d^ 

-of: thr-neptral- ZhY^ :dlefec,frisks 
below\the:valence-band maximum. - „ 

The; second 7 and- third:' 5 theories are Ipcai-d'ensity- 
theories fprj,a-defect,';ih;a'.superceli'6f‘finite'size. 'andfp/o- 
duces levels for the.heutral defect Zn Tc somewhat hicher 
thahjthe-ieyeis ofithe present theory, .H6w.eVer,.due to 
-thefinite, size of the sugefcelIs,ithe;pr.edicted;leVejrare:ac-- 
tually bands of order 1 eV wide. Furthermore local- 
density ^theory is, known to -.produce incorrect band" 
gaps~a»d this can lead to efroriin deep-levej energies. 56 

The^secohdjthepiy ds, the tight-bihdtngfiike version of 
ldcaj-dehsjty theory 7 discussed .by- 1 -Jansen* and; Sarikey, 7 
while-therthird^is aipseuddfunction 55 implementation of 
localrdensity theory. We Executed- the pseudofunction 
calculations for 'supercells of,A', =! 16 and ^,=32 atoms, 
and found that (relative to the 1 valence-band maximum) 
the deep level movedidownrin energy.with increasing su* 
percell size. as the level's width decreased. Perhaps the 
iocal-dehsity-theory, levels of Zn Tt would. also lie- in-the 
valence band if the supercell size, were increased until 
convergence were achieved. 

We conclude on the basis of these theories, that we can* 
.not definitively place the neutral Zn Tt .deep level "below 
the-Znxe valence-band; maximum~nor can-we place it in 
the gap definitively. Therefore the issue of the location of 
this level will have to be determined experimentally; 

In this regard we.note that Li doping produces a mys¬ 
terious deep level in ZnSe just above the valence-band 
maximum* 7 and no corresponding level in the gap of 
ZnTe—as the present (first) theory predicts. While this 
fact lends credence to the present theory, it does not 
confirm the theory unambiguously (because the nature of 
the Li-related defect is unknown). 

We conclude that there is good circumstantial evidence 
for the, Zn Tt . defect yielding a d-.ep level in the valence 
band of ZnTe, the kind of deep level needed to explain 
theprtype doping proclivity ofZnTe. The case is not air¬ 
tight, appears to be unresolvable by theory, and calls for 
careful experimental investigation. In particular, careful 
studies of the dependent of doping proclivity, on 
stoichiometry and on alloy composition in ZnTe,..^Se, 
might confirm or exclude the present model. (Note that a 
rather sudden change in doping proclivity as a function 
of alloy content x is implied b; the present model.) 

V, SUMMARY 

The viewpoint presented here is admittedly somewhat 
oversimplified in the.intciest o: illustrating the essential 
physics of the problem. Nevertheless we hope that efforts 
to test-this.simple picture will be attempted because, if 
the ,picture is correct as we believe, then schemes for 
overwhelming the p-type doping problem in some other 
II-VI semiconductors than ZnTe will be feasible. 5 Two 
obvious schemes are (i) to grow ZnSe under conditions 
unfavorable to Zng e formation, and ui) to engineer the 
electronic structure of a perturbed version of ZnSe so 
that the antisite defect’s deep level is resonant with the 







V?: 




JOHN D. DOW era/. 


valence iband. 

Finally otir conclusions are based* only, on the oc* 
currence of defects: with deep-level .electronic structures/ 
simijar tp those predicted for the Zn fand Li) antisite de¬ 
fects. T hemodelfdrthe.p-typc.dopingwill.still'bevalid 
if another defectihas^imilar electronic.structures in ZnSe 
and Znfe.: Furthermore iKe model doesynot rely tin- any 
way on=a detailed picture of the'“self*compensati6n” pro*, 
cess or a knowledge of the detailed forces on defects. 
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Scanning tunneling microscope images of native antisite defects at the relaxed (110 ) surface of 
ZnSe are predicted. The images of a particular sample depend on the sign of the voltage bias and 
the voltage sweep of the sample relative to the microscope tip, and whether that sweep causes a 
deep level to actively participate in the tunneling. Under certain conditions the images give the 


appearance of two defects at incorrect sites. 


I. INTRODUCTION 

In this paper we report the .Irst theoretical scanning tunnel¬ 
ing microscope (STM) images of surface antisite defects on 
the ZnSe( 110) surface. This work was stimulated by mea¬ 
surements imaging II—VI semiconductor surfaces by scan¬ 
ning tunneling microscopy, 1 following earlier experiments 
on GaAs. 3,3 We follow the theory of Tersoff and Hamann 4 
who have argued that an ideal STM obtains an image 



X {i,b,R\S(E - H) M,R) \tf>, (r - R - v t ) | 2 . 

Here we have 8(E — H) — ( — l/ir) Im G(E + /O) where 
iO is a positive imaginary infinitesimal and G is the Green’s 
function for the relaxed ( 110) surface. The index / ranges 
over the basis orbitals, 5 with the values s, p x ,p y ,p,, and s* 
(an excited-state orbital 6 ); the position of an atom is de¬ 
noted by its unit cell R, and its site v b in the cell, where b 
denotes either anion or cation. The ^,(r — R — v b ) are 
Lowdin orbitals centered on R -f v 6 . Electrons tunnel from 
the tip to the ZnSe conduction band when the sample is bi¬ 
ased positive; and we integrate from a = E C (the conduc¬ 
tion-band edge) to/? = E c + E 0 , where £„ is typically 1 eV, 
and add in the contribution from any empty deep levels in 
the gap that lie within the range of the voltage sweep. A 
negatively biased ZnSe sample relative to the tip senses elec¬ 


trons below the valence-band maximum £„, and we inte¬ 
grate from a — E v —E 0 to/? = £ v ,and add in the contribu¬ 
tion of any occupied deep levels in the gap within the range of 
the voltage sweep. Here we compute the STM image ob¬ 
tained by measuring the current I for a tip at a fixed distance 
z above the x-y plane, which corresponds to the plane of the 
unrelaxed (110) surface. In the present work, we use the 
typical value z — 5 where 0 ^),, = 0.53 A, and sum R 
over 25 unit cells on the surface. (Subsurface contributions 
are negligible.) 

Our calculations of STM images employed established 7 
empirical tight-binding Hamiltonians and H M ' 9 to repre¬ 
sent the relaxed perfect and defective ZnSe(llO) surfaces, 
respectively. The relaxation consisted of a rigid rotation of 
the anions up out of the surface plane through an angle 
a = 25.6*. 1<M4 Details of the calculational method, which is 
based on the ideas of Vogl et al.f Hjalmarson et al.f and 
Allen et al. 9,is are available elsewhere. 16 

II. RESULTS 
A. Perfect surface 

The- images calculated for the perfect relaxed (110) sur¬ 
face of ZnSe are given in Figs. 1 and 2 and, as expected, show 
bumps at the Se and Zn sites, for negative and positive bias 
(of the sample with respect to the tip), respectively. 



face v ith a lip-sample distance s = 5 o IWl ,, under negative bias. Note that Fig. 2. Predicted STM image I{x,y.z) for a relaxed perfect ZnSet 110) stir- 

the Se atoms are prominent. The unils in the x- and ^-directions are A. face, under positive bias. Note that the Zn atoms are prominent. 
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«>. nu anu vi. u. uow; scanning tunneling microscope images 



Fig. 3. Predicted STM image l(x,y,z ) for a relaxed ZnSe( 110) surface with 
a Zn* defect at the cross, under negative bias such that the deep level is not 
in the tunneling region (see the inset). Note the depression. 



Fig. 5. Predicted STM image Uxy.z) fora relaxed ZnSe( 110) surface with 
a Sej,„ defect at theorigin, under negative bias such that the deep level lies in 
the tunneling region (see the inset). Note the two peaks at adjacent Se sites. 


B. Defective surface 

The images of defective surfaces depend on the bias condi¬ 
tions, band bending, and the Fermi energy. Here we discuss 
some representative images. 


When the Zn on Se-site antisite defect, Zn^, is present at 
the surface, it produces an empty deep level, capable of con¬ 
taining two electrons, = 1.18 eV above the valence-band 
maximum at the surface. Under negative bias, if the deep 
level is unoccupied, electrons from the ZnSe .valence band 
produce a tunneling current and Zn^ is visible as a slight 
depression at its site (Fig. 3). Under positive bias such that 
the deep level is unoccupied but resonant with the tip’s Fer¬ 
mi sea, two small peaks emerge at the sites adjacent to the 
surface defect site (Fig. 4). The qualitative features of the 


image are sensitive to the surface deep level structure and 
depend on the sign of the bias Voltage. 


2. Sc Zn 

The Se Zn antisite defect behaves somewhat differently 
when imaged. The neutral surface defect has a doubly occu¬ 
pied deep level =0.42 eV above the valence-band edge at the 
surface, which, when above the.tip’s Fermi energy, produces 
a two-peaked image—with the peaks at neighbors to the de¬ 
fect. (See Fig. 5.) This happens because the neighboring Se 
atoms have rotated up out of the surface and are closer to the 
tip and because the efect’s electronic state has an antibond¬ 
ing character, placing significant wave function amplitude 



Fig. 4. Predicted STM image Hx.y.z) fora relaxed ZiiSei 110. surface with 
a Zn v defect at the cross, under positive bias.such that tunneling into the 
deep level occurs (see the inset). Note the two peaks at adjacent.Zn sites. 




Fig. 6. Predicted STM image Hx.y.:l for a relaxed ZnSe( 110) surface with 
a Se,„ defect at the origin .v = y = 0. under positive bias such that the deep 
level is not in the range of tunneling energies (see the inset). Note the slight 
depression at the defect site. 
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on the neighboring atoms. Finally, a positive bias as in.Fig. 6 
leads to a slight depression at the defect site (Fig. 6). 

111. SUMMARY 

We find that the ideal STM images of antisite defects are 
not always bumps, but sometimes are depressions or even 
two-peaked structures—depending on (i) whether or not 
the voltage sweep causes the defect’s deep levels to partici¬ 
pate actively in the tunneling and (ii) the proximity of the 
defect to the tip. These facts complicate the analyses of STM 
pata, and indicate that careful experiments combined with 
careful analyses are-necessary. These complications are in 
fact advantages, however, because they will help in the iden¬ 
tification of surface defects. 
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The standard n-type dopant Ga is predicted to change its character from a shallow donor to a 
deep trap with increasing alloy composition x in Zn, _ , Mn,Se. As a result, Ga-doped 
Zn, _ , Mn, Se alloys should be n type for very small x, but not for Mn-rich material. 


ZnSe is a wide band-gap II-VI semiconductor that is 
rather easily doped n type,' but has been extremely difficult 
to dope p type until recently.?- 1 The standard n dopant is Ga, 
which occupies a cation site. In thit letter we consider the Ga 
doping of Zn, _,Mn,Se alloys and predict that there exists 
a critical value of the Mr. composition x, x c , such that for 
x>x c Ga will not be a donor in Zn, _,Mn,Se and, hence, 
will not dope Zn, Mn, Se «type. 

Our predictions arc based on the concept of a shallow- 
deep transition in which a:; s-like/f, symmetric “deep" level 
of Ga lies above the conducticn-band edge of ZnSe, donating 
its extra electron to the conduction band (see Fig. 1). With 
increasing alloy composition x, the conduction-band edge 
moves up in energy with respect to the Ga A , deep level and 
passes through it, leaving the level as a trap in the gap capa¬ 
ble of capturing a second electron of opposite spin (and re¬ 
moving a carrier from the conduction band). 

The theoretical predictions for the energy of the Ga deep 
level as a function of the Mr. concentration x are given in Fig. 
2, along with the conduction-band edge’s dependence on x. 
For x < x c , Ga is a donor and an n-type dopant, but for x > x c 
neutral Ga is a deep trap. The theory is basically the Hjal- 
marson etal. theory of substitutional deep impurity levels/- 
modified''’* to account for the d states of Mr. (which do not 
play a significant role, because the spin-up d states lie well 
beiow the valence-band maximum and the spin-down states 
are weil above the conduction-band edge 9 ). The theoretical 
uncertainty in the predicted deep level energy for the Hjal- 
marson model is typically a few tenths of an electron volt, 
and so the predicted value of x c — 0.09 may be uncertain by 
about 0.05. Nevertheless, the Hjalmarson model has a long 
history of successfully predicting chemical trends, and the 
qualitative dependence of the Ga level.on alloy composition 
(Fig. 2) should certainly be observed; The major implica¬ 
tion of the prediction is that growing Mn-rich, Ga-doped, /»- 
type Zn,_,Mn,Se should fee very difficult, even though 
Ga-doped ZnSe itself is normally n type. Other column III 
dopants should exhibit this same behavior, although x e will 
be slightly larger by about 0.03-0.04 for the heavier atoms In 
or Tl. 

Such shallow-deep transitions of deep levels are well 
known in semiconductors and profoundly alter the electrical 
or optical properties of the host. Perhaps the best-studied 
case is A” in GaAs.. , P A . which produces an isoelectronic 
deep level in the gap for * > 0.2, but moves into the conduc¬ 
tion band for As-rich material, x < 0.2. ltJ 1 This A' level plays 
a c ominer.t role in the electroluminescence of GaAs, _ , P,. 
The DX center in Al, Ga, As is another case. Tfets center, 
which is very likely associated with Si or a similar do¬ 


nor, J-I2 " u descends from the conduction band of GaAs into 
the gap with increasing x, much as Ga does in 
Zn, _ , Mn, Se. The DX center is technologically important 
because it limits the fabrication of high electron mobility 
transistors (HEMTs). 

The experimental evidence supporting the prediction of 
a Ga shallow-deep transition in Zn, _,Mn,Se is presently 
fragmentary and qualitative: Ga dopes ZnSe n type but Ga 
doping ofZn, _ , Mn, Se, even with only modest amounts of 
Mn, has not yielded a significant number of carriers. 15 Sys¬ 
tematic studies ofZni _ , Mr., Se alloys are needed to test the 
picture presented here. 

One possible way to test the theory.is to apply hydrostat¬ 
ic pressure to Ga-doped Zn, _ , Mr., Se and monitor the car¬ 
rier density. For pressures of 30 kbar, the conduction-ban- 
edge should move ,M7 above the Ga deep level for *> 0.07, 
causing an abrupt drop in the number of carriers. 


.. ..... ... car* 

—k— -«-<•'>-- — t-l — 

| i 

K C3M- " » . 

Si I U*U*W 

II 

I 

I VBM —... 1 - -VBW 

ZnSetGa Zn 0 5 Mn 0 s Se:Ga 
Donor Trap 

(a) iu) 

FIG. 1. Schematic illustration of the shallow-deep transition of Ga in 
Zn,. , Mn.Se. (a) For* = 0. the Ga .4, symmetric deep level is resonant 
with the conduction band. The extra electron associated with this column 

III impurity or. a column 11 site spills out >>' ■ :.v i.-'-e! and falls to the conduc¬ 
tion-band edge, ionizing the Ga. The C-.cn.ir.o potential of the ionized Ga 
then binds the electron m a hydrogen.. ! -flow donor state (at zero tem¬ 
perature). (b) For.r>* . the deep s:rt.* ties in the fundamental band gap 
with the conduction-band edge at higiie. energy, and th. neutrut Ga deep 
level contains one electron (circle) and one hole (tnangiet. ~.nd can trap an 
clectr.” of opposite spin, depleting a carrier from the conduction band. The 
energy scale of this diagram is distorted for illustrative purposes. 
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n-type semi-insulating 



X ":x 

FIO. 2. Predicted energies (in electron volts) of the conduction-band edge 
(light solid line) and the cation-site Ca deep level (heavy) vs alloy compo¬ 
sition x in Zn,. , Mn, Se. For x<x, the Ga deep level is autoionized and 
the extra electron is trapped in the Is hvdrogenic shallow level (dashed) at 
zero temperature. Thermal excitation of this level causes the material to be 
rttype.Forar>.r,,Gaisadeeptrapar,dtendstomakeZni . v Mn,Sesemi- 
insulating. 


We believe that shallow-deep transitions such as the one 
described here play a significant role in the doping problems 
experienced by II-VI semiconductors. Subsequent work will 
deal with the complexities ofp doping and propose schemes, 
based on the idea of shallow-deep transitions, for achieving 
p-type conductivity in ZnSe. We hope that the picture we 
have presented here will be tested experimentally. 
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It is predicted that thin quantum-well superlattices or spike super'uttices of GaAs in ZnSe will 
produce band gaps in the yellow-green, and that (GaAs), _, (ZnSe), spikes will lead to green 
and blue-green gaps. These thin quantum-well structures should have better doping properties 
than ZnSe for *<0.6. 


I. INTRODUCTION 

Diffraction-limited optical storage on compact disks 
has stimulated the quest for light emitters with short wave¬ 
lengths in the green-to-blue portion of the spectrum. The 
semiconducting, materials most often considered for such 
applications are II-VI compound semiconductors' and N • 
based III-V semiconductors, such as In’, _ , Ga, N. 2 The N- 
based III-V’s are difficult to grow and dope, and have unde¬ 
sirable large shallow acceptor binding energies, whereas the 

II- VI’^generally suffer from the “doping problem"; it has 
been very difficult to dope most il-VI’s p type, with the ma¬ 
jor exception being ZnTe, which resists n doping. While 
there have been some recent advances on the II-VI doping 
problem, 3,4 one cannot avoid wishing that a well-understood 

III- V semiconductor such as GaAs had a band gap in the 
green or blue, a material that is dopable both n and p type, 
and integratable in p-n junctions and artificial microstruc¬ 
tures. The purpose of this paper is to predict that thin GaAs 
layers or “spikes” embedded in ZnSe should have band gaps 
in the yellow-green, and that interdiflfusion of the GaAs 
spikes with the ZnSe should increase the band gap to the 
blue-green. Furthermore, we shall argue that the 
(GaAs), _ , (ZnSe), spikes for x<0.6 will be largely free of 
the doping problems that have traditionally limited ZnSe 
and other II-VI semiconductors. 

II. BAND 

Our approach is based on the theory of the electronic 
structure of superlattices and deep levels in superlattices. 5- * 
We consider N ipiVc N ZnSt [001] (GaAs),., (ZnSe,)/ZnSe 
superlattices where A r spike is small, typically less than 10, and 
N ZnU is large, typically 10 or greater. (A 1X10 GaAs/ZnSe 
superlattice consists of one two-atom-thick layer of GaAs, 
alternating with 10 layers of ZnSe.) The 
(GaAs), _ , (ZnSe), is treated in the virtual crystal approxi¬ 
mation. 9 These superlattices are, for all intents and pur¬ 
poses, lattice matched; hence, their theoretical treatment is 
the same as for GaAs/Al,Ga, _,As superlattices. 5-10 The 
GaAs/ZnSe valence-band offset has been measured to be 
0.96 eV," and is assumed to be a linear function of alloy 
composition x. The parameters of the superlattice Hamilto¬ 
nian are known for GaAs and ZnSe, 12 but we update the 


ZnSe parameters here to account for the determination of 
the (low-temperature) ZnSe band gap at T of 2.8 eV. 13,14 
The resulting band-gap predictions for selected values of 
N tpike and x, with N ZnSe = 10, are given in Fig. 1. The gaps 
are direct, with the superlattice conduction-band minimum 
at the T point of the mini-Brillouin zone; the quantum well is 
Type I: The superlattice conduction- and valence-band 
edges lie at energies within the fundamental band gap of 
ZnSe. Hence, the spikes should meet the conditions for lumi¬ 
nescence: (i) the carriers will thermalize to the 
(GaAs),_,(ZnSe), layers of the material; and (ii) elec¬ 
trons and holes will have the same wave vectors and there¬ 
fore satisfy the crystal-momentum selection rule for recom¬ 
bination. 

Having a direct band gap is a necessary, but not suffi¬ 
cient, condition for a semiconductive light-emitting diode 
material. In addition, the semiconductor must be dopable 
both n and p type. This is not a problem in bulk GaAs, but is 
in ZnSe, which is difficult to dope p type. The cause of the p 
doping problem in ZnSe is thought to be a distribution of 
deep hole traps within —0.3 eV of the valence-band maxi¬ 
mum. 15 Therefore, if our spike superlattices are to be doped p 
type, those deep levels must be covered up by the superlattice 
vaie^e-band so that they cease trapping holes. To achieve 
this, the superlattice must have its valence band maximum at 
least 0.3 eV above the valence maximum of ZnSe (see Fig. 
2). This implies normally that x must be less than 0.S and the 
wells must have widths corresponding to N ipiVt = 2 or more 
diatomic layers. 

The energy band lineups are displayed in Fig. 3 for 
1X10 GaAs/ZnSe. Note that most of the band offset is in 
the valence band, and that the energy of the conduction band 
edge, when measured relative to the ZnSe valence-band edge 
(Fig. 2), is relatively independent of laser thickness and al¬ 
loy composition. Therefore, by altering the alloy composi¬ 
tion of the (GaAs), _ , (ZnSe). we arc, in effect, tuning the 
absolute valence-band energy. With this approach we can 
cover up deep levels that might otherwise trap holes and 
adversely affect *I.e p doping of the material. Once covered, 
any holes in the deep levels are autoionized and become car¬ 
riers. This method for eliminating deep traps has been pro¬ 
posed for doping ZnSe p type, and explains the relative ease 
with which ZnTe can be doped p type (in contrast with most 
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FIG. 1. Predicted band gaps (ineV) of A’ l[vl , X10 (GaAs),_ t (ZnSe),/ 
ZnSe superlattices vs N kVlU . Gaps for* =t 0,0.25,0.5, and 0.75 are denoted 
by open squares, open triangles, closed squares, and closed triangles, respec¬ 
tively. 


other II-VI semiconductors). 15 

The ZnSe, when interdiffused with the GaAs, will pro¬ 
vide GaAs with both donors and acceptors, and in the ideal 
limit will yield perfectly compensated material. By carefully 
controlling the growth conditions, it should be possible to 
dope the spike either n type or p type with Se or Zn, which are 
shallow acceptors and donors in GaAs. It should even be 
possible, with masking, to fabricate ap-« junction in asingle 
spike. 

Impurities that normally do not adversely affect GaAs 
can be problems in spike GaAs. Because the GaAs band gap 
has been widened so much, impurities that were shallow do¬ 
nors or acceptors in GaAs might become deep traps in the 
spike superlattices. Such shallow-deep transitions have been 
observed in III-V alloys. For example, ar.i anion site A'impu¬ 
rity in GaAs, _ , P, produces a deep level resonant with the 



0 2 « ( • 10 12 


FIG. 2. Predicted conduction- and valcnce-band edges (in jV) for 
-^"ipitXlOCGaAs),., <ZnSe)j,/ZnSe sunorlattices, for various x, using 
the notation of Fig, 1. Note that the major variations »;ein the valence band. 
The zero of energy is the valence-ban 1 »•-. ■ imum of bulk ZnSe. The materi¬ 
als with valence-band maximum above ■-* , "• mould not be plagued by 'he 
p doping problems experienced by ZnSe (see Ref. 15). 
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FIG. 3. Energy-band alignments for a 1X10 GaAs/ZnSe [001 ] superlat¬ 
tice. The band gaps of ZnSe, GaAs, and the superlattice (SL) arc 2.8,1.55, 
and 2.32 eV, respectively. The superlattice band edges are denoted by 
dashed lines. The zero of energy is the valence-band maximum of bulk 
ZnSe. 


conduction band in GaAs, which becomes uncovered as the 
gap widens in those alloys, 16 so that A becomes a deep trap. 
Similar behavior has Keen observed for the donor Si 0 , (and 
the related DX center) in AI^Ga, _ t As. n However, we do 
not find such behavior for Si or N ir. our spike superlatt'ces, 
mostly because the conduction-band edges in these superlat¬ 
tices are so independent of layer thickness and alloy compo¬ 
sition. Nevertheless, some levels near the valence-band max¬ 
imum do undergo such a shallow-deep transition. For 
example, Zn, nion is a deep trap in the quantum well of a 
IX10 GaAs/ZnSe superlattice (see Fig. 4) but lies in the 
valence band of bulk ZnSe. Finally, the native point defects, 
the antisite defects Se Ga , Zn A ,, and As c ,, and the vacancies 
Va c , and Va Af can produce deep levels in the superlattice 
gap, as shown in Fig. 4, and contra 1 of their concentrations 
may be required. 


Deep levels in GaAs layer 
1x10 GaAs/ZnSe [001] superlattice 



Ga-site As-site 

(») (t>) 


FIG. 4. Native defect deep levels in or near the band gap of 1X10 
GaAs/ZnSe for (a) the cation site and (b) the anion site. Va denotes a 
vacancy. Open triangles (closed circles) det.* ,e holes (electrons) occupy¬ 
ing the deep levels for a neutral defect. For the As-site vacancy, the electron 
in the deep level above the conduction band edge is autoionized and falls to 
the conduction-band edge, becoming a shallow donor electron. Similarly, 
the Gu a . holes bubble up to the valence-band maximum. Thezero ofenergy 
is the valence-band maximum of bulk ZnSe. 
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III. SUMMARY 

The theory presented here should be quite reliable. A 
similar theoryof 1X1 GaAs/AlAs [001 ] superlattices pre¬ 
dicted a band gap of 2.1 eV, in comparison with the experi¬ 
mental value of 2 eV, 18 Thus, the band-gap predictions are 
likely to have an uncertainty only of order 0.1 eY. 

Another theoretical study of GaAs/ZnSe [001 ] super¬ 
lattices, based on our electronic structure model 12 (but with¬ 
out the new parameters 14 ) has been presented, 19 with similar 
results to ours for x = 0. However, thabtheory was directed 
toward the core exciton problem rather than short wave¬ 
length light emission, and did not consider the possibility of 
modifying the GaAs in order to achieve blue-green lumines¬ 
cence. 

We hope that these theoretical predictions will stimu¬ 
late efforts to grow ZnSe with GaAs spike quantum wells. 
While such growth will require great skill, it stiould be feasi¬ 
ble. 

Finally, we note that even larger band gaps should be 
achievable with (GaAs), (ZnSe)., spikes in 
Zn^Mn^Se. 20 
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We have used the pseudofunction method to compute self-consistent spiii-polarized energy bands 
for La 2 Cu0 4 . The ground state is found to be semiconducting and antiferromagnetic (AF) with a 
moment of 0.35/i a . The net moment resulting from the occupation of 82 itinerant bands is localized 
on the Cu atoms only. Our results agree with experiments in which La 2 CuO« is found to be semi¬ 
conducting and AF with a moment on the Cu atoms of (9.35±0.05)/i a (neutron scattering) or in the 
range 0.2/i # to 0,6/r a (muon-spin resonance). Sr is found to produce holes on the out of plane O 
contrary to the assumption used in many strong-correlation theories of superconductivity. 


The pseudofunction (PSF) method 1 with a local-density 
potential 2 has been successfully used to compute spin- 
polarized energy bands for Ni and MnTe. 3 The good 
agreement with experiment encouraged the use of this 
method for the new superconducting materials such as 
Sr-doped La 2 Cu0 4 , hereby denoted in short as (2:1:4). In 
this paper, we present self-consistent spin-polarized 
local-density energy-band results for pure and Sr-doped 
2:1:4. The ground-state energy bands are semiconducting 
and antiferromagnetic (AF) with a moment of 0.35/u fl on 
the Cu atoms. One Cu-0 hybrid state is split off by the 
AF correlation to give a semiconductor. The moment is 
nonintegral because of the strong hybridization between 
0 and Cu at the Fermi surface. A magnetic ground state 
is found to be stable even in the metallic state when Sr is 
substituted for La.. For example, an AF state with a mo¬ 
ment of 0.09p. g is obtained when half of the La atoms are 
replaced by Sr atoms. Thus, contrary to widespread be¬ 
lief, band theory quantitatively accounts for the magnetic 
properties of 2:1:4 and suggests that the magnetic state is 
not observed in doped samples as the disorder overcomes 
the magnetic order. 

The spin-polarized band model with a local-density po¬ 
tential has been used by several investigators to attempt 
an understanding of the AF and semiconducting behavior 
of 2:1:4. 4 These spin-polarized calculations with other 
methods find the ground state to be nonmagnetic and me¬ 
tallic contrary to experiment. We believe the reason that 
these attempts did not yield the correct ground state is 
that the bands at Ej- are too broad. Specifically, for non¬ 
magnetic calculations, the 2:1:4* bands are doubly-degen¬ 
erate on the hexagonal face of the' orthorhombic unit cell. 
Semiconductivity can be obtained only when this degen¬ 
eracy is lifted. These bands are only 0.17-eV wide for the’~- 
PSF method. 5 The other techniques find these bands to 
be approximately 0.5-eV wide. Thus, the magnetic corre¬ 
lation needed to split a 0.5-eV-wide band is far stronger 
than that needed for a 0.17-«V band. Finally, we show 


that the nonspherical part of the crystal potential need be 
expanded in at least 15 625.plane waves to obtain the AF 
ground state. We believe this to be the key to the 
differences with other methods. 

There are many proposals of superconductivity based 
on the coupling via magnetic excitations both local and 
nonlocal. Such theories of superconductivity are well do¬ 
cumented 6 in the literature and will not be referenced 
here. We will only point out that we find the dp band to 
be at the Fermi energy as postulated by Lee and Ihm. 7 
They accounted for superconductivity with a two-band 
model (broad band and narrow dp band) which we find to 
be appropriate. A more detailed two-band model* using 
local densities of states from the band theory for the 
broad Cu-0 band and a Cu-0 band in the z direction can 
phenomenologically account for the magnetic and super¬ 
conducting properties of pure and doped 2:1:4. 

The spin-polarized PSF method has been tested for fer¬ 
romagnetic Ni and antiferromagnetic MnTe. 3 The re¬ 
sults for Ni agree with those in the literature. For MnTe, 
we find the antiferromagnetic state to be more stable than 
the ferromagnetic state in agreement with experiment. 
Calculations for MnTe with the linearized augmented 
plane-wave (LAPW) method 9 also find that the antiferror 
magnetic state is more stable than the ferromagnetic 
state. K on Si is another example of success for the PSF 
method. The PSF method predicted the K-Si bond 
length to be 3.3 A (Ref. 10) whereas the pseudopotential 
method predicted the bond length to be 2.59 A. 11 Subse¬ 
quent, surface-extended x-ray-absorption fine-structure 
(SEXAFS) experiments 12 give a bond length of 3.15 A 
which is very similar to the PSF result. 

The PSF method has a local'orbital basis set employing 
the full potential including tbe.core states (see the Appen¬ 
dix for details). The computation is done in Fourier 
space for computational efficiency just as the time- 
consuming. parts of. matrix element, evaluation is done 
with the fast Fourier transform. For ♦*«- — 
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is expanded in 15625 plane'waves. The. very accurate ex- - c been ■redonej in * entirety; with a . general set .of eight k 
pansion of the potential is essential in obtaining the 0.17- points. The moment is unchanged to ±0.01 p B and the 

eV-wide band at. the Fermi energy. A less accurate .po-. bands are virtually identical. 

tential gives broader .bands* Nine s, p, and d basis func-; ,. ,In Fig. 1, the spin-polarised bands near Ef are plotted 
tions were used on the La and Cu atoms with s,p sets.on. for 2:1:4. The band gap between filled and empty states 
the O atoms. The basis functions are continually charged varies from approximately 2 eV at T to 0.06 eV on the 

during iteration to self-consistency in order to optimize ; hexagonal face. The bands are relatively flat in the Z 
the description of the charge density.. Identical results direction because of the layered structure and are not 

are obtained whether or not. the. O atoms were started shown. For. the hexagonal face, the bands are narrow 

with a spin state. The calculation was first brought to and doubly degenerate for a self-consistent field (SCF) 

self-consistency,with only a 'single K point in ’the itera- ” non-spin-polarized calculations. 5 For spin-polarized 
tion. A four-point sample was next used." The final itera- bands, the gap varies from 0.35 eV at X and M to 0.06 

tions were done with eight k points. The average devia- along the M to N and N to S directions. The necessity 

tion in the potential between the input and output poten- that bands be narrow on this hexagonal face thus be- 

tial at 10% mixing was 1.1 mRy, with a maximum devia- comes obvious since the spin effect which gives the semi- 

tion of 7 mRy. The moment of the Cu sites increased by conducting gap varies from 0.35 to 0.06 eV. This band is 

about 0.02^ on going from a four-point sample to an 0.17-eV wide for the PSF method 5 and approximately 0.5 

eight-point sample. Subsequently, the calculations have eV for other methods. 4 At internal points of the Bril- 


z 




FIG. 1. Spin-polarized energy bands near the Fermi energy for (a) LajCuO* and (b) LaSrCuO*. 
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louin zone, the gap is large. This gap existcd. even for 
non-spin-polarized energy bands. • iThus, the spin- 
polarization effect is only opening a gap at a small per¬ 
centage of the points within the Brillouin. zone. An ap¬ 
proximate measure of the number of points at which anti¬ 
ferromagnetism opens a gap is a skin depth on the hexag¬ 
onal face divided by the volume which’would be a. small 
number. This is probably a unique feature of the layered 
Cu-0 materials because the number of electrons is impor¬ 
tant. : 

The indirect gap in Fig. 1(a) is as little as 0.01 eV. We 
were concerned that if the indirect gap were less than 
zero and a metallic state was obtained, the moment on 
the Cu atoms might become zero. Thus, the bands' were 
iterated to SCF with an extremely poor sampling of k 
space using the points S, L, N, M, and X. The binds 
remain essentially unchanged except that the bands at L 
overlap the bands at N by 0.03 eV to give a- metal. The 
moment on the Cu atoms increases to 0.39/^. This result 
indicates that our moment is not sensitive to small 
changes in band structure which produce, metallic over¬ 
lap. Alternatively, we believe nesting does not have to be 
exact to obtain the magnetic ground state as would occur 
at small Sr-dopant concentrations. Since band theory 
cannot be performed for small' deviations from 
stoichiometry, we suggest that the above computations 
for a metallic state suggest that the antiferromagnetic 
state is stable for small dopant concentrations. Small 
dopant concentrations of Sr probably would- not yield a 
metallic state because of the narrow bands at Ej and 
small overlap between carriers. Disorder would also 
create a mobility gap at low carrier concentrations. 

It is important to understand the magnetic behavior as 
a function of Sr doping. The optimal superconducting 
transition temperature is observed at the large doping 
level of 0.15 Sr. Calculations have been performed on 
2:1:4 where one-fourth and one-half of the La atoms are 
substituted by Sr. The dependence of the magnetic mo¬ 
ment as a function of Sr is thus obtained. 

The AF moment is obtained by integrating over all 
spheres. A value of 0.35/x fl is obtained. An important 
understanding can be obtained by computing the charge 
within spheres about the different sites. In Table I, the 


amount of charge^within the Cu sphere (11=0.98 A), La 
sphere (J? = 1.49 A), aiid O.sphere (i?=0.86 A) is tabu¬ 
lated for spin-up and. spin-down bands for both the pure 
and doped 2:1:4. The O atoms are; labeled according to 
the type of coplanar metal atom. For 2:1:4, the first Cu 
atom has a net spin down of 0.35 electrons (4.33—4.69). 
The O atoms are identical in spin density indicating that 
the spin is localized to the Cu atom. Even though the 
band picture is an itinerant picture, moments localized to 
the metal atoms are obtained. For: 25% Sr doping, the 
moments on the Cu are 0.35 fi B and 0.32 fi B , which is indi¬ 
cative of small ferrimagnetism. At 50% doping, mo¬ 
ments of 0.09/j.g are obtained on the Cu atoms with anti¬ 
ferromagnetic behavior. The O atoms within the Cu-0 
basal plane do not have a moment at any level of Sr dop¬ 
ing. For 25% Sr, the O atoms adjacent to the Sr and 
Cu(2) develops a small moment of 0.06/x 5 . Thus, the mo¬ 
ment on the Cu atoms will remain at a large value for Sr 
doping up to 25% with a slow decrease at higher levels. 
The O atoms may also participate depending on the dop¬ 
ing level. 

Spin-polarized energy bands calculated for LaSrCu0 4 
are shown in Fig. Kb). The bands are quite similar in ap¬ 
pearance to those for pure 2:1:4. Because one-half of a 
band has been depopulated, the Fermi energy falls in the 
middle of the Cu-0 band associated with the 2 orbital 
and O perpendicular to the plane. 

Evidence for both spin and charge fluctuations via the 
apex O can be found in Table I. As the charge density 
and net spin on the O atoms in the base are independent 
of Sr content, we conclude that the basal O atoms do not 
participate in fluctuations. First, we consider fluctua¬ 
tions for 25% doping since this is closer to experiment at 
0.15 Sr. Pure 2:1:4 has a charge of 9.03 (4.34+4.69) on 
the Cu atoms and 2.62 on all O. For 25% Sr, the net 
charge on Cu atoms is reduced to 8.98 electrons, an in¬ 
crease in Cu valence of 0.05 electrons. The O(La) and 
O(Sr) have moments of 0.06/: fl by reducing its spin-up 
character by 0.06 e. One could envision fluctuations 
among the O(La) and O(Sr) atoms via bands at Ej- that Sr 
has caused to be depopulated. Fluctuations require emp¬ 
ty states near Ej. Table I shows these states to exist on 
the out of plane O. 




TABLE I. 

Partial charge densities. The arrow indicates the spin direction. 




La 2 CuO« - 

t ' 1 ' 

. - .. 

L&i jStq 3 C 11 O 4 
t ’ ' i- . 


LaSrCu0 4 

J l 

Cu t 

4.34 

4.69 

Cu/ 

4.31 

4.67 

Cu{ • 

4:33 

4.42 

Cu 2 

4.69 

4.34 

Cu 2 

4.66 

- 4.34 ' 

’ Cu 2 ‘ 

’ 4.66 - 

4.57 

La 

0.46 

0.46 

• La . - 

0.46 

0.46 

' La ' • ' ’ 

0.45 

0.45 

La 

0.46- 

0.46 

La 

- 0.44 - 

0.44 

■ La 

- 0.45 

0.45 

La 

0.46 

' 0.46 

La 

0.45 

0.45 

: • La ‘ : 

0.33 

0.33 

La 

0.46 

' 0.46 

Sr 

0.34 

0.34 

'• . Sr,..:- ’ .»!■ 

. ; 0.33 ■ 

'. 0.33 

O (base) 

2.62"- 

-2.62- 

O (base) 

2.61 

2.62 

’ f OKbasehv . 

2.61. 

2.61 

O (base) 

162 

' 2.62 

"-O(base) 

2.61 

162 

O’(base).. 

2.61 . 

2.61 

O (La) 

162 

2.62- 

-O.(La) 

2.56 

2.62 

O (Sr) ,< 

- .149 

2.49 

O (La) 

162 

2.62 

0 (Sr) 

2.56 

2.62 

-0 (Sr) - 

-2.49 

. 2.49 

O (La) 

2.62 

2.62 

0 (La) 

161 

2.57 

6 (La) 

2.64 

164 

O (La) 

2.62 

162 

0 (La) 

162 

160 

0 (La) 

2.64 

2.64 
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A similar picture is obtained for. 50% Sr doping. The 
net charge on the Cu sites is 8.75 (4.33+4.42) on Cu(l) 
and 9.23 (4.66+4.57) on Cu(2) as compared to 9.03 
(4.34+4.69). Another important feature of Table I is 
that the O that is the nearest neighbor of Sr losses 0.13 
electrons (2.62—2.49) within its sphere. This 0 is also 
bonded to the Cu that loses 0.22 (8.98 — 8.75) electrons 
within its spheres. Thus, the Sr doping, at least at this 
level, causes a hole to form on the Cu-0 bond that is the 
nearest neighbor to the Sr atom. Similar but less dramat¬ 
ic results occur for 25% doping. This simply reflects that 
the band at the Fermi energy is composed mostly of the 
Cu-0 character in the z direction, not the planar direc¬ 
tions. , 

— The difference between the 25% and 50% behavior is 
related to how the Sr is substituted for La. For 25%, the 
Sr is substituted only on one side of the Cu-0 plane. For 
50%, the Sr is placed symmetrically above and below the 
plane. 

For very low levels of doping, a rigid-band model indi¬ 
cates that only bands on the hexagonal face would be 
depopulated and these have very important contributions 
from Cu-0 bonds within the plane of Cu-O. Thus, at low 
levels of doping, states on the hexagonal face are depopu¬ 
lated and holes would be observed in the Cu-0 plane. At 
large dopant levels of 15%, we would predict that the 
holes are in the Cu-0 bond perpendicular to the plane. 
The exact spatial distribution would depend on the sym¬ 
metry of Sr dopants relative to the plane. 

It is well established experimentally that 2:1:4 is anti¬ 
ferromagnetic with semiconducting behavior. 13 Substitu¬ 
tion of Sr for La leads to superconductivity. Neutron 
studies 14 indicate that the Neel state is destroyed by dop¬ 
ing and that the spin-spin correlation length is reduced 
from 35 to 8 A as the Sr concentration is varied from 
0.02 to 0.18. More importantly, the local order is found 
to be the same for the doped and pure 2:1:4. Thus, it is 
stated 14 that no important differences in magnetic scatter¬ 
ing were found in the normal and superconducting states. 
It is important to note that the interpretation of the neu¬ 
tron data is that doping affects the spin-spin correlations 
leaving the moment essentially unchanged from that of 
the pure state. Birgeneau et al. 14 caution that an unam¬ 
biguous interpretation will require samples where the 
Meissner fraction far exceeds the 15% observed in the 
currently available samples. Birgeneau et al. also indi¬ 
cate that there are unexplained differences between sam¬ 
ples. 

Our calculations are in agreement with the above pic¬ 
ture. A moment localized to the Cu atoms is obtained 
theoretically. This moment is practically unchanged up 
to a Sr concentration of 25%. We can similarly claim 
randomly placed Sr will disorder the moments. Our com¬ 
puted moment of 0.35 (i B is quite similar to the experi¬ 
mental value from neutron [(0.35±0.05)/z fl (Ref. 15(b)] 
and muon-spin resonance [(0.2-0.6)^ s ]. 15(a) It is certain 
that the moment is much less than 1.0/r fl which would be 
obtained for spin 0.5. 

Finally, whether or not the antiferromagnetic ground 
state is obtained is closely related to the number of plane 
waves with which the nonspherical potential is expanded. 


No AF ground state was obtained when the potential was 
expanded with 4913 or 9261 plane waves. An AF ground 
state was found for 24389 plane waves. This calculation 
was not. run to SCF due to extreme computer cost. The 
moment was 0.31 fi g and increasing when the job was ter¬ 
minated. Since the number of basis functions was con¬ 
stant, the representation of the potential is critical. 

There are other interpretations of the AF. state of 2:1:4. 
The resonating valence bond picture 16 assumes a spin of 
S=0.5 on the Cu sites. An alternative strong-correlation 
picture 17 is that doping produces holes of spin 0.5 on the 
O sites in the plane. These local moment theories claim 
to account for much of the data but with adjustable pa¬ 
rameters. Clearly a fundamental assumption is that Sr 
doping produces holes on the O sites within the Cu-0 
plane. Our energy-band results would place holes in the 
plane only for low doping levels. For larger values of 
doping as in the superconducting region, our energy-band 
results show holes on the O in the La plane not the Cu-0 
plane. 

Spin and charge fluctuations have been mentioned as a 
possible mechanism for superconductivity. Our band- 
theory picture indicates a substantial coupling between 
planes via the O holes. Fluctuations within the plane can 
occur as a result of the fluctuations on the O. These fluc¬ 
tuations produce an attractive pairing interaction leading 
to a T c — 280 K for 0.15 Sr doping of 2:1:4. 18 An impor¬ 
tant feature of our band results is the capability of cou¬ 
pling within and between planes. 

To support our claim that the width of the bands at Ef 
are sensitive to how well the potential is represented, a 
comparison is made for two different representations of 
the potential with the wave functions remaining identical. 
Figure 2 shows the narrow band for 4913 and 15 356 




FIG. 2. Non-spin-poiarized energy bands at Ef for 4913 and 
15 356 plane waves in potential. 
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plane waves in the potential, respectively. The band is 
narrow if the potential has many plane waves. Only the 
band at Ef has been included for clarity. The band for 
4913 plane waves is similar to that in the linear muffin-tin 
orbital (LMTO) calculations. The agreement cannot be 
exact because the LMTO calculation relies on the ap¬ 
proximation of overlapping spheres and the PSF calcula¬ 
tion relies on truncating the potential to 4913 plane 
waves. In further support of the accuracy of the PSF 
method, previously we have shown that the correct ther¬ 
modynamic properties are computed for bulk Si (Ref. 19) 
and that the correct bond length can be computed for a 
CO molecule. 1 We have also computed the correct sur¬ 
face structure of Si. 1 

In summary, the itinerant energy-band model yields a 
band structure which has a moment of approximately the 
correct magnitude on the Cu site. Calculations for Sr 
doping support the notion of spin or charge fluctuations 
on the Cu and 0 sites. No evidence for localized holes of 
spin 0.5 on the planar 0 sites is obtained. Our results 
support the interpretation put forth by Birgeneau et al. 
that Sr disorders long-range spin-spin correlations leav¬ 
ing the local Cu moment relatively unchanged. 
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APPENDIX 

The PSF method has been described in detail 1 with ap¬ 
plication to CO and Si. Here, we will provide an outline 
of the method and all information that would be required 
to repeat our calculations. The unit-cell parameters and 
atom positions have been determined by Jorgenson el al. 
The unit cell is divided into muffin-tin and interstitial re¬ 
gions. The muffin-tin radii R MX are 2.81 a.u. for La, 1.84 
a.u. for Cu. and 1.62 a.u. for O. The potential is d'wded 
into spherically symmetric potentials within the muffin 
tins and a nonspherical potential that extends throughout 
the unit cell including the spheres. To form the PSF 
wave functions, we construct linearized muffin-tir orbit¬ 
als exactly as in the LMTO or LAPW methods using the 
radial solutions <f> and <f>. <f> is the energy derivative of <f>, 
the solution of the muffin-tin potential for a given energy. 
The energy parameter is chosen to be an average baud en¬ 
ergy as in the linearized methods. 

Beyond this point, the PSF method differs from other 
methods. First, we define two new radii R m and R oul for 
all the muffin tins. R m is chosen to be 0.95 R MX . ^oui > s 
chosen to be 1.25 R MX . The PSF wave function al site n 
for angular momentum Im is now defined as 




animjim( k \>r n )+b nlm ji m (k 2 ,r n ), r<R in , 

Xi m (<f>{E,r n )+a, m <t> lm (E,r n )), R in <r <R , 
-K tm (k,r n ), R out <r . 


The parameters and N /m are chosen for continuity of 
the function and its radial derivative at R out . The Neu¬ 
man function K lm has an energy parameter of —0.3 Ry. 
Within the distance R in , the parameters a nlm and b nlm are 
also chosen for continuity of the PSF function at R m . 
The energies for the Bessel functions j tm are k\ =0.1 Ry 
and /c | = 0.2 Ry. The above procedure is followed for the 
s, p, and d orbitals on the La and Cu sites and the s and p 
orbitals on the O sites. The results are not sensitive to 
the choice of energy parameters k, and k 2 within the ra¬ 
dius R in . The tail-parameter energy —0.3 Ry is the re¬ 
sult of calculations on many different systems. The resul¬ 
tant energy bands are not very sensitive to the tail param¬ 
eter if a value near —0.3 Ry is used. The above-defined 
PSF orbitals are smooth throughout space thus enabling 
straightforward Fourier transforms as previously shown. 1 
The criterion for the number of plane waves in the trans¬ 
form of the PSF orbitals is that i? MX times the maximum 
reciprocal-lattice vector be 7.0 in the three reciprocal- 
space directions thus defining a polyhedron in reciprocal 
space instead of a sphere. 

The PSF orbitals are now defined by a linear combina¬ 
tion of plane waves. The PSF orbitals are orthogonalized 
to the core states by augmentation as in the LAPW 
method. The solution of the Hamiltonian is fully de¬ 
scribed in Ref. 1 and is not repeated here. The charge 
density is in terms of spherically symmetric parts within 
the muffin tins and a Fourier series representing the non¬ 
spherical contribution. This plane-wave sum contains ap¬ 
proximately eight times the number of plane waves in the 
wave function. 

The self-consistency loop follows that of the standard 
band theory. The charge density is used to define a new 
potential which is mixed with the old potential. New 
PSF orbitals are constructed and the Hamiltonian is 
solved again until the input and output potentials are the 
same to a small deviation. The PSF orbitals change as 
one iterates to self-consistency. The PSF orbital molds to 
the charge density and changes as the charge density 
changes especially in the bond formation region between 
atoms. The applications described here and in Ref. 1 in¬ 
dicate that the plane number waves in the potential is vi¬ 
tally important for computation of properties. This 
dependence is shown in detail for a CO molecule. 1 In 
this paper we have shown that a bandwidth similar to 
that for other methods is obtained for a small number of 
plane waves. 
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